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ABSTRACT
Moore, Richard F . , M.S., Summer, 1982 Geology
Magmatic and Hydrothermal History of the Emigrant Gulch Igneous 
Complex, Park County, Montana
Director: Donald W. Hyndma
The Emigrant Gulch igneous complex is a composite quartz monzonite 
stock which intruded andésite breccias of the Absaroka Volcanics 
Supergroup. These rocks have been dated at 53 m illion years to 45 
m illion  years old, and l ie  on the northwestern margin of the Beartooth 
Mountains, Montana.
Extrusive and intrusive a c t iv i ty  at Emigrant Gulch may be sim ilar  
to a c t iv i ty  at other igneous centers in the Absaroka-Galla t in  province. 
In addition to Emigrant Gulch, andésite country rocks form vent 
complexes at Independence, Montana; Sepulcher Mountain, Montana and 
other locations. I t  is d i f f i c u l t ,  however, to conclude that the 
andésites in Emigrant Gulch originated from an actual stratovolcano.
Five d is t in c t periods of quartz monzonite porphyry intrusion  
followed emplacement of a rhyodacite stock in Emigrant Gulch. The 
d is tr ib u tio n , shape, and composition of phenocrysts in the quartz 
monzonite suite suggest that these magmas were derived by tapping 
magma from progressively deeper levels of a high-level magma chamber. 
An early  and a la te  intrusive series of quartz monzonites were 
mapped, with each series probably representing d is t in c t periods of 
magma chamber f i l l i n g ,  d if fe re n t ia t io n , and draining.
Chemical and pétrographie data also suggest that magma d iffe ren ­
t ia t io n  took place by v o la t i le  d iffus ion , a process that enriched 
s i l ic a  and other ' f e ls ic '  elements in the upper part of the chamber.
Magma d if fe re n tia t io n  also caused accumulation of an active 
hydrothermal phase associated with the la te  intrusive series. In 
addition to severe arg il l i e  and s e r ic i t ic  a lte ra t io n , th is hydro- 
thermal phase also triggered brecciation and molybdenum mineralization  
following emplacement of quartz porphyry. The bulk of this molyb­
denum mineralization occurs in the matrix of the Allison breccia, 
but quartz-molybdenite stockworks may be present below or adjacent 
to the Allison breccia along a north-south trend. The molybdenum 
deposit at Emigrant Gulch has more characteristics of molybdenum 
deposits found in western Canada such as Boss Mountain, than of 
Climax-type deposits.
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CHAPTER I 
INTRODUCTION
The Emigrant Gulch igneous complex is located 45 kilometers south 
of Livingston, Montana ( f ig s .  l a , l b ) ,  and consists of multiple quartz 
monzonite intrusions which cut a rhyodacite stock and Eocene rocks of 
the Absaroka-Galla t in  volcanic province. The intrusive rocks form 
irregularly-shaped stocks and anastomozing dikes on steep talus covered 
slopes two kilometers east of Emigrant Peak (Fig. 2). These rocks, and 
th e ir  andesitic host rocks represent an intrusive-extrusive center 
sim ilar to other igneous centers through the Absaroka-Galla t in  province.
Magmatic history at Emigrant Gulch is complex, as the rhyodacite 
stock was intruded by at least f ive  d iffe re n t quartz monzonite porphyries, 
Recurring periods of hydrothermal a ltera tion  also accompanied emplacement 
of these rocks. Several stages of brecciation and sulfide mineralization  
are associated with hydrothermal a lte ra tio n .
Purpose
This study describes the igneous and hydrothermal history in detail 
in an e f fo r t  to understand the relationship between mineralization and 
magmatism. This has not been well understood even though sulfide and 
precious metal deposits have been explored in Emigrant Gulch for over 
100 years. The present study delineates intrusive and hydrothermal 
events not previously recognized.
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Figure la . Generalized geologic map of the Absaroka- 
Gal la t in  volcanic province of northwestern 
Wyoming and southcentral Montana. Map 
shows location of Emigrant Gulch study 
area and other lo c a lit ie s  discussed in 
text. After Smedes and Prostka (1972).
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Figure lb. Generalized geologic map showing structural 
features of the Absaroka-Gallatin volcanic 
province. CS: Cherry Creek - Squaw Creek
fau lt;  SP: Spanish Peaks fa u lt ;  DC: Deep 
Creek fa u lt;  MC: Mill Creek fa u lt ;  RC:
Reese Creek fa u lt ;  MH: Mol Heron fa u lt ;
G: Gardiner fa u lt ;  CL: Cooke City lineament; 
R: Rattlesnake fa u lt .  After Smedes and 
Prostka (1972), and Shaver (1974).
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Figure 2. Map showing location of Emigrant Gulch 
study area.
Textural and compositional features in the quartz monzonites are 
used to support a model proposed for d iffe ren tia t io n  of these rocks.
This model explains contrasting petrography between d iffe ren t rocks and 
c la r i f ie s  the history of intrusion. Hydrothermal a c t iv i ty ,  including 
sulfide mineralization can be tied to processes that generated the quartz 
monzonite magmas.
Method
All major rock types in this study were id en tif ied  from mapping of 
f ive  square kilometers in upper Emigrant Gulch (1 inch = 400 feet or 
1 centimeter = 48 meters, Plate la ) .  D r i l l  core from ten diamond d r i l l  
holes (Med 1-9,11) confirmed crosscutting relationships between rock types, 
and revealed numerous lith o lo g ie  variants. Plates 2a, 2b, and 2c show 
subsurface geology inferred from these holes. Core from d r i l l  holes 
Med-9 (below 76 meters), and Amax-1 could not be obtained, although in ­
formation from previous d r i l l  logs was used to construct geologic cross 
sections. The Med holes were d r i l le d  by Duval Corporation between 1972 
and 1976, the Amax hole was d r i l le d  by American Metals Climax, Incor­
porated, in 1963.
Thirty-one rock-chip samples were analyzed for major, minor, and trace 
elements including SiO^, TiOg, AlgO^, FegO^, FeO, MnO, MgO, CaO, Na^O,
KgO, PgOg, Rb, Sr, and F (Appendix 5 -1 ).  Bondar-Clegg and Company, L td .,  
(Vancouver, B ritish  Columbia) conducted the analyses using atomic ab- 
sorbtion. X-ray fluorescence, and colorimetric techniques. Sampling 
covered a l l  major rock types.
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Two potassium/argon age dates were intended to bracket a l l  intrusive  
and hydrothermal events in the suite of quartz monzonites. Determinations 
used b io t i te  mineral separates, and se r ic ite  from a whole-rock sample.
San Diego State University performed the analyses.
Mapping, pétrographie work, and geochemistry produced three main con­
clusions about igneous a c t iv i ty  in the complex:
1) The rhyodacite stock and quartz monzonites intruded an 
andesitic vent complex composed mainly of flow and vent 
breccias. I t  is d i f f i c u l t  to conclude that these vent 
breccias originated from a stratovolcano since structural 
features normally associated with stratocones are absent 
at Emigrant Gulch.
2) The most important periods of sulfide mineralization occurred 
following emplacement of the rhyodacite and during intrusion  
of the quartz monzonites. Both periods also involved 
brecciation. Most of the observable molybdenum m inerali­
zation is closely associated with quartz monzonite in ­
trusion and occurs as breccia matrix.
3) Textural and compositional trends in the quartz monzonites 
support d if fe re n t ia t io n  by v o la t i le  d iffus ion , with magmas 
d iffe re n t ia t in g  in a small, near surface chamber. The 
nature and timing of hydrothermal a c t iv i ty  also agree with 
th is scheme.
CHAPTER I I  
REGIONAL GEOLOGIC OVERVIEW
Andesitic eruptions in the northwestern part of the Absaroka- 
G allatin  volcanic province produced abundant flows and breccias during 
the middle Eocene. Intrusion of stocks, dikes, and s i l ls  followed the 
volcanic a c t iv i ty  at Emigrant Gulch and other centers in the province. 
Distribution of these extrusive centers may have been controlled by 
major northwest-trending fau lts . However, dike emplacement within the 
Emigrant Gulch complex appears to be controlled by jo in t  sets in the 
Precambrian basement rather than larger fau lts .
Stratigraphy
Numerous studies on Tertiary  volcanic rocks in the Absaroka-Gallatin 
province yielded lengthy summaries oF regional stratigraphy and petro­
graphy (Hague and others, 1899; Covering, 1929; Parsons, 1958; Wilson, 
1963; Chadwick, 1964, 1969; Smedes and Prostka, 1972; Wedow and others, 
1975; E l l io t  and others, 1977).
Smedes and Prostka (1972) revised e a r l ie r  volcanic stratigraphy  
(Hague and others, 1899) and divided extrusive and reworked andesitic  
sediments into Washburn, Sunlight and Thorofare Creek Groups (Fig. 1).
The older Washburn Group rocks characterize the northwestern part of the 
province, with the younger Sunlight and Thorofare Creek rocks found to 
the southeast. The study also divided these groups into vent and
9
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a llu v ia l  faciès from the terminology of Dickinson (1968). The 
a llu v ia l  facies represents the reworked, sedimentary equivalent of the 
igneous-vent facies.
In Emigrant Gulch, andésites comprise a vent facies of the Washburn 
Group volcanics. In the northern G allatin  Range, early to middle Eocene 
Golmeyer Creek and Hyalite Peak volcanics are contemporaneous with 
the Washburn Group rocks (Smedes and Prostka, 1972; Shaver, 1978, Fig. 2). 
In th is way, volcanic rocks in Emigrant Gulch are referred to as e ither  
Washburn or Golmeyer Creek volcanics,although younger Sunlight Group rocks 
may outcrop on cirque headwalls to the southwest of the map area (Pfau, 
1981; E l l io t  and others, 1977).
Individual centers of igneous a c t iv i ty  in the province were studied 
by Emmons (1908), Covering (1929), Parsons (1939), Krushenski (1962), 
Wilson (1963), McMannis and Chadwick (1964), Chadwick (1966), Casella 
(1967), Schultz (1968), Ruppel (1969), Rubel (1971), Love (1972), and 
Fisher (1972). Origin of magmas, style of emplacement, and details  of 
Plutonic a c t iv i ty  are generally unclear.
In the Emigrant Gulch complex, Basler (1965) described Golmeyer 
Creek volcanic rocks and s p l i t  the younger intrusive rocks into two dacite 
groups. Shaver (1974, 1978) remapped the area in his study of dacites 
in the region and proposed a lower crust or upper mantle origin for the 
magmas. E l l io t  and others (1977) discussed the resource potential for  
molybdenum and other minerals. Pfau (1981) further divided the suite of 
in trusive quartz monzonites and described m ineralization. The current
n
study revised Pfau's c lass if ica tio n  and c la r i f ie d  the sequence of 
magmatic and hydrothermal events.
Structure
Previous work on regional fau lting  and structural trends allows 
speculation about tectonic control over emplacement of Emigrant Gulch 
prophyries. Prominent northeast- and northwest-trending fractures in 
the Precambrian basement underlying Emigrant Gulch were probably the 
primary control over near surface channeling of magma. Major reverse 
fau lts  peripheral to the study area may have been more important during 
magma migration at deeper crustal levels (Fig. lb ) .
Table 1 summarizes the nature and timing of structural a c t iv i ty  in 
the region. Major northwest-trending reverse faults  were apparently active  
during the Laramide u p l i f t  of the Beartooth block. The Beartooth block 
is s im ila r  to other 'foreland-type' basement blocks such as the Wind River 
Mountains, which were up lifted  in la te s t  Cretaceous to early Tertiary  time. 
McMannis and Chadwick (1964) cited major northwest-trending reverse faults  
as probably the most important feature localiz ing Eocene igneous a c t iv i ty  
in the province (F ig. lb ) .  Shaver (1974) reviewed this idea in d e ta i l ,  
demonstrating that volcanic and intrusive centers are aligned along the 
projected trends of the Cherry Creek-Squaw Creek and Spanish Peaks fa u lts .  
These trends define two sub-parallel belts of volcanic and intrusive com­
plexes extending to the southeast under the Absaroka plateau. There is 
l i t t l e  d irec t evidence, however, to draw a d irec t relationship between
Table 1. Summary of fau lt ing  and other structural features of the Absaroka G alla tin  volcanic province
Fault or
structural
feature Source
Sense of 
movement Timing Offset Comments
NW-trending Squaw 
structures Fault
Creek
Cook City 
1ineament
Spanish Peak 
1ineament
Gardi ner 
fa u lt
McMannis
and
Chadwi ck 
1964
Foose
and
others
1961
McMannis 
and 
Chadwick, 
1964 
H a ll,  1961
Fraser 
and 
others, 
1969
high-angle
reverse
high-
angle
reverse
high-
angle
reverse
post-late
Cretaceous
to
early Eocene
"Laramide" to 
?
post-late
Cretaceous
to
very-early
Eocene
post-late
Cretaceous
to
pre-middle
Eocene
Quaternary
reactivation
>1370 m
<910m to 
>610 m near 
Independence
4120 m dip 
si ip
3050 m
>3050 m dip 
s lip
120 m dip 
slip
stratigraphie
offset
stratigraphie  
offset ?
stratigraphie
offset
stratigraphie
offset
thickness of 
Mesozoic sedi­
ments from 
Beartooth block
displaced 
Pliocene basalt ro
Table 1 (Continued)
Fault or
structural
feature Source
Sense of 
movement Timing Offset Comments
NW-trending
structures
Mi 11 Creek 
fa u lt
(W-trending)
Ruppel, 
1972 
Wilson, 
C.W.. 
1934 
Reid and 
others 
1975
l e f t  la te ra l  
( Precam- 
brian) 
high-angle 
reverse
Precambri an 
"Larami de" 
to mid- 
Eocene
<13 km?
450m- 
1,100 m
offse t Pre­
cambri an units 
stratigraphi c 
displacement
Wilson,
J .T . ,
1936
high-angle 
reverse to 
high-angle 
normal
mainly pre- 
volcanic
>1220 m stratigraphie  
displacement ?
NW-trending 
fractures in 
northern 
Snowy block
Shaver,
1974 
Reid and 
others
1975
relaxation
features?
Precambrian ? related to Pre­
cambri an defor- 
mational events
N-trending
structures
Mol-Heron 
fa u lt
(E. G allatin  
fa u lt )
Ruppel, 
1972
normal post-early  
Eocene to pre- 
P1iocene? 
(mainly post- 
Eocene?)
610 m- 910 m stratigraphie
offset
Shaver,
1974
post-Pliocene 3 m - 10 m offset volcanic ro
Table 1 (Continued)
Fault or
structural
feature Source
Sense of 
movement Timing Offset Comments
Reese Creek 
fa u lt  
(W. G allatin  
fa u l t )
Fraser and 
others, 
1969
normal post-Cretaceous
to
pre-early
Eocene
Quaternary
reactivation
460 m - 1310 m 
minor
stratigraphie  
o ffse t with less 
than 500' of 
post-Laramide 
movement
offset
Quaternary
deposits?
Ruppel, 
1972 mainly post- 
Eocene 460 m - 1310 m greater inferred  
displacement of 
Eocene volcanic 
rocks
Mammoth
fa u lt
Fraser 
and 
others, 
1969
normal post-late Cre­
taceous, possible 
la te r  movement?
460 m - 610 m stratigraphie
offset
Ruppel, 
1972
mainly post- 
Eocene
>610 m stratigraphie
offset
Table 1 (Continued)
Fault or
structural
feature Source
Sense of 
movement Timing Offset Comments
NE-trending Deep Creek Horberg, 
structures fa u lt  1940
normal mainly Larami de 
with in term itten t  
Cenozoic move­
ment
>1520 m covered by Suce 
Creek-Window 
overthrust to the 
N; geomorphic 
evidence
Chadwick,
1969
Foose and 
others, 
1961
Quaternary
reactivation
some Eocene 
t i l t in g
Paleocene to 
Eocene
Offset alluvium
changing dip
10°) of Eocene 
volcanic rocks
major u p l i f t  of 
Beartooth block
Boni ni and 
others, 
1972
Reid and 
others, 
1975
r ig h t-
la te ra l
(Pre-
cambrian)
normal
Precambrian
5490 m to 
6100 m
6 Km
post-Late Cretaceous 400 m to 
to 830 m
Paleocene
Offset of Pre- 
cambrian units
stratigraphie offset
Table 1 (Continued)
Fault or
structural
feature Source
Sense of 
movement Timing Offset Comments
Luccock Park 
fa u lt
Reid and 
others, 
1975
E-NE-trending 
fractures in 
northern 
Snowy block
Reid and 
others, 
1975
r ig h t-
la te ra l
(Pre-
Cambrian)
normal
extension 
and/or 
shear ?
Quaternary
reactivation
Precambrian 6 Km
post-Laramide ? 
Precambrian ?
o ffse t Holocene 
deposi ts
offset of Pre­
cambrian units
related to Pre­
cambrian defor- 
mational events
CT»
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these fau lts  and igneous a c t iv i ty  (see also Basler, 1965; Chadwick,
1968a, 1970; Fraser and others, 1969; Fisher, 1972).
J. T. Wilson (1936) also proposed that the M ill  Creek fa u lt  con­
tro l le d  lo ca liza tion  of a west-trending string of volcanic vents and 
mineralized intrusions. Presence of mappable shear zones and offsets  
which predate Eocene igneous a c t iv i ty  suggests a sim ilar relationship  
along the Cooke City lineament (Parsons, 1958; Foose and others, 1961;
Rubel, 1971). J. T. Wilson (1936) and E l l io t  and others (1977) claimed 
the intersection of these two fa u lt  zones influenced magma localization  
near M ill  Creek, 11 kilometers northeast of Emigrant Gulch.
In Emigrant Gulch i t  is d i f f i c u l t  to demonstrate control of porphyry 
emplacement by any of these major structures. Inferred jo in ts  and frac­
tures in the Precambrian basement would provide a more suitable, open 
system of conduits for upper crustal d istr ibution  of magmas in Emigrant 
Gulch. R. Burnham (1982, pers. comm.) mapped prominent northeast-trending 
fractures in Archean rocks near Six Mile Creek, 6 kilometers west of 
Emigrant Gulch (Fig, 2 ) . Reid and others (1975) documented both northeast- 
and northwest-trending basement fractures north of M ill Creek. Dike trends 
in Emigrant Gulch closely para lle l these fracture trends as expected i f  
the fractures underly the intrusive complex and were the dominant struc­
tural control during emplacement.
Conversely, the Squaw Creek and Spanish Peak faults  may have provided 
a zone of weakness deep in the crust where magmas collected and migrated 
upward. Minimum vertica l displacement of these faults  is 1500 and 3000 
meters, respectively (Table 2 ). Seismic data from the Wind River Range
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support th is  idea (Smithson and others, 1979). The study found reverse 
fa u lt in g  during Laramide u p l i f t  of the Wind River block occurred on 
structures that extend to at least 24 kilometers depth. Reverse faulting  
on the Squaw Creek and Spanish Peaks fa u lt  may well be analogous.
Age Data
Age data on rocks within or related to rocks in Emigrant Gulch sug­
gest a maximum time interval of 8 m illion years between andesitic volcan- 
ism and hydrothermal a lte ra tio n  which terminated igneous a c t iv i ty .  These 
dates bracket intrusive a c t iv i ty  between 53 m illion years (Washburn time) 
and about 45 m illion  years (Sunlight time). Table 2 shows radiometric 
age determinations, and ages from normal remnant magnetism (NRM).
Two new potassium/argon age dates from th is study were intended to 
bracket a l l  intrusive and hydrothermal events in the quartz monzonite 
su ite . In the e a r l ie s t  porphyry dated, however, e ither potassium loss 
from b io t i te  or in flux  of argon yielded an age which predates the volcanic 
host and is c learly  unreasonable. The rock was not v is ib ly  altered a l ­
though some minor a ltera tio n  of b io t i te  to ch lorite  occurred. Recent 
weathering and groundwater c ircu lation probably fa c i l i ta te d  potassium loss, 
as potassium was exchanged for other cations such as calcium, iron, and 
magnesium. Reactions such as th is  commonly convert b io t i te  to ch lorite  
and clay minerals during weathering, as discussed further in the section 
on chemistry. Even minute potassium loss from b io t i te  can s ig n if ican tly  
a l te r  the age determination (B. Smith, pers. comm., 1982).
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The potassium/argon date from the la test porphyry suggests hydro- 
thermal a c t iv i ty  which produced abundant se r ic ite  ceased prior to 45 
m illion  years ago. High atmospheric argon content of this rock decreased 
precision of the estimate. Future age determinations in Emigrant Gulch 
should involve fiss ion-track dating in zircons, since this method is 
less susceptible to hydrothermal a lte ra tion .
2 0
Table 2. Age data for rocks within or related to rocks of the 
Emigrant Gulch complex
Age
5 4 + 9  m.y.
65 +̂  5 m.y. 
(inaccurate)
49.0 +
1.7 m.y.
49.5 +
1.5 m.y,
53.5 
2.3 m.y
late
Washburn 
to early  
Sunlight 
time
Rock Unit Method
late
porphyry
early
quartz
monzon­
i te
dacite 
stock in 
lower M ill  
southeast 
side of 
Arrow 
Peak
Big Creek 
stock
K/Ar,
whole
rock
K/Ar,
b io t ite
K/Ar,
b io t ite
K/Ar,
b io t i te
andésite 
10 k i lo ­
meters 
east of 
Emigrant 
Peak
group A NRM 
and pos­
sib ly  
group B 
dacites of 
Basler (1965) 
in Emigrant 
Gulch complex
K/Ar, 
bioti te
Source
This
report
This
report
Chadwi ck, 
1967
Obradovich,
1968
( i n :
Chadwick,
1969)
Chadwick,
1967
Shearer, 
1974, 1978
Comments
rock extremely a l ­
tered, high atmos­
pheric argon; places 
f ina l s e r ic i t ic  a l ­
teration event in 
Emigrant Gulch at 
>45 m.y.
recent K loss l ik e ly  
due to a r g i l l ic  
weathering; or in flux  
of Ar during hydrother­
mal a lteration
probably related to 
rocks of the early in ­
trusive series in 
Emigrant Gulch
cuts Hyalite Peak vol- 
canics, no close pétro­
graphie equivalent in 
Emigrant Gulch
Hyalite Peak volcanics
group A equivalent to 
rhyodacite stock, 
group B equivalent to 
some of the la te r  quartz 
monzonites, this report
2 1
Table 2 (Continued)
Age Rock Unit Method Source
la te -e a r ly Fortress s tra t ig ra ­ Smedes and
Eocene to Mountain phie and Prostka, 1972
early - member of paléontolo­
middle Sepulcher gie
Eocene formation 
to Mount 
Wallace 
formation 
of Sun­
l ig h t  Group
Comments
CHAPTER I I I  
GEOLOGY AND PETROGRAPHY
The description of Emigrant Gulch geology in this section es­
tablishes the c ry s ta ll iza t io n  history of these rocks. This history  
includes hydrothermal events that produced sulfide mineralization. A 
model fo r generation of the quartz monzonite magmas is also introduced 
in l ig h t  of pétrographie evidence. The next section focuses on this  
evidence in more deta il to explain processes taking place during magma 
c ry s ta ll iz a t io n .
Table 3 and Appendix 4 l i s t  pétrographie features of the andésite 
country rock and intrusive lithologies in Emigrant Gulch by rock type. 
The andésites are brecciated flows and vent breccias of the Middle- 
Eocene Washburn Group. Intrusive rocks consist of a rhyodacite stock 
intruded by a suite of f ive  quartz monzonite porphyries (Plate la ) .  
Classification of these rocks used the trad it iona l system shown on 
Figure 3 (Nockolds, 1954).
Absaroka Volcanics Host Rocks
In Emigrant Gulch, Basler (1965) mapped mono- and hetero litho lo-  
gic and unbrecciated flows which are probably equivalent to early to 
middle-Eocene Washburn Group volcanics (Smedes and Prostka, 1972). In 
the northern G alla tin  Mountains, these rocks are contemporaneous with 
Golmeyer Creek volcanics (Smedes and Prostka, 1972; Chadwick, 1969).
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QUARTZ
QUARTZ
DIORITE
GABBRO/
DIORITE•  OX
QUARTZ
MONZONITE
GRANO- ' 
DIORITEGRANITE
SYENITE MONZONITE SYENO- 
, D IORITE
PLAGIOCLASE
FELDSPAR
POTASSIUM
FELDSPAR
■  LATE PORPHYRY 
A  PLAGIOCLASE PORPHYRY
A QUARTZ PORPHYRY 
O  HORNBLENDE PORPHYRY 
#  EARLY QUARTZ MONZONITE
X  RHYODACITE PORPHYRY
Figure 3 MODAL COMPOSITIONS OF EMIGRANT GULCH INTRUSIVE  
ROCKS ( a f t e r  NOCKOLDS, 1 9 5 4 ) .
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Andésites in Emigrant Gulch comprise a vent facies (Dickinson,
1968) and lack s ign if ican t pyroclastic material. The volcanic rocks 
show l i t t l e  a l lu v ia l  reworking. Parsons (1960, 1969) l is ted  c r i te r ia  
fo r  classifying Absaroka volcanic breccias used for Emigrant Gulch an­
désites in th is  study (Table 3). Monolithogic breccias most l ik e ly  
represent flows broken up by internal f r ic t io n ,  or possibly vent breccias. 
Heterolithologic breccias probably resulted from brecciation of semi­
solid magma in vents or fractures with subsequent extrusion as breccia 
flows or s o l id if ic a t io n  within the vents. Both breccia types grade into 
each other and unbrecciated flows.
Other in terpretations of the Emigrant Gulch breccias as lahars or 
even pyroclastic flows (Shaver, 1974; Pfau, 1981) do not f i t  the c r i te r ia  
l is te d  by Parsons as well (Table 3). Massive outcrops also show no in ­
dication of bedding or sorting. In i t i a l  dips of the flows are d i f f i c u l t  
to determine and the source vents hard to recognize. For these reasons 
the original d istr ibution  of volcanic vents around Emigrant Gulch remains 
uncertain.
Although this area has been referred to as a stratovolcano vent com­
plex (Pfau, 1981), the following observations make this conclusions tenuous
1) Abundant pyroclastic material in te rs t ra t i f ie d  with lava 
is not present.
2) Basler (1965) claimed a crude cone sheet and radial dike swarm 
ex is t in Emigrant Gulch. Such features are commonly associated 
with stratocones. The present study found no evidence sup­
porting th is assertion, and dike orientation appears to be
Table 3. Comparison of Emigrant Gulch volcanic breccias with flow and vent breccias, lahars, and ash-flows 
____________________________ ________________________________ C rite r ia  from Parsons (1960, 1969)_____________
Character­
is t ics
breccia
type
sorting
Type of breccia
Emigrant Gulch 
volcanic breccias
Typical autobrecciated 
lava flows, brecciated 
vent facies
Vent or in trusive brec­
cias, flow breccias 
very near source_______ lahars
monolithologic 
and hetero­
lith o lo g ic
f a i r  - poor
monolithologic
unsorted
heterolithologic
unsorted
heteroli- 
thologic
crude 
grading, 
poor sor­
ting
ash-flow and 
related pyro- 
c la s tic  rocks
hetero litho­
logic
crude grading 
of l i t h ic  frag­
ments, reverse 
grading of 
pumice frag­
ments
bedding nonstratified nonstrati fied nonstratified poor-ex­
ce llen t  
s tra t i  f i - 
cation, in ­
dividual beds 
commonly 5-30 
meters thick
nonstrati fied
unless
welded
fragments subrounded-
angular
generally angular, 
dense and non- 
vesicular
sub-rounded- 
angular, por- 
ph yritic  with 
dense groundmass, 
pumice absent
dense, rare 
pumice, crude 
lineation  
common
rocn
Table 3 (Continued)
Character­
is t ic s
ground-
mass
comments
Type of breccia
Emigrant Gulch 
volcanic breccias
Typical autobrecciated Vent 
lava flows, brecciated cias 
vent facies ________ very
or intrusive brec- 
flow breccias 
near source lahars
ash-flow and 
related pyro­
c la s tic  rocks
aphanitic, dense, 
non-vesicular, 
no pumice
breccia types 
gradational
fine-grained frag­
mental or mag­
ma t ic
commonly not part 
of recognizable 
cone
fine-grained frag­
mental or magmatic
core structure  
or may not be 
recognizable
may
c la s t ic ,  
with sand 
and clay
interbedded 
with stream 
deposi t s , 
gradational 
into lava 
flows
abundant, recog­
nizable pumice 
fragments
r\3
cr*
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controlled by sub-parallel basement fractures rather than 
volcano-related structures.
3) No large, central conduit suggestive of a stratovolcanic  
vent has been recognized in Emigrant Gulch.
In addition, few vent complexes elsewhere in the Absaroka-Gallatin vol­
canic province exhib it features which would clearly  c lassify  them as 
stratovolcanos. A notable exception is the Independence complex, 40 
kilometers southeast of Emigrant Gulch, where Rubel (1971) id en tif ied  
cone sheets cutting abundant pyroclastic material.
Stratovolcanic a c t iv i ty  in the province then, may be restric ted to a 
few large centers l ik e  Independence connected by irregu lar , non- 
pyroclastic vent complexes such as Emigrant Gulch.
Rhyodacite Porphyry
A roughly c ircu lar stock of rhyodacite porphyry 3-4 kilometers in 
diameter intruded the Absaroka volcanics (Plate la ) .  The unit extends at 
least 76 meters below the c o lla r  of Amax d r i l l  hole 1 in upper Emigrant 
Gulch (Plate la ) .  The rhyodacite porphyry apparently intruded as an ex­
tremely high-level pluton exhibiting very uniform quenching. Very fine  
s i l ic a  laminae up to 1-2 millimeters wide characterize the rock, and at 
f i r s t  glance suggest the rock may have been an extrusive flow. Contorted 
and wavy s i l ic a  banding also lo ca lly  produced textures sim ilar to those 
seen in welded tu ffs .  Pfau (1981), however, noted Washburn group roof 
pendants on the stock, and X-ray analyses of potassium feldspar confirmed
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only the presence of orthoclase and not sanidine (Appendix 1). This 
supports emplacement as a hypabyssal stock rather than a subaerial flow.
The magma contained enough hydrothermal f lu id  to promote moderate ground- 
mass d e v it r i f ic a t io n  and quartz flooding during the la tes t stages of con­
so lidation . Auto-brecciation occurred where f lu id  movement severely 
contorted the s i l ic a - r ic h  laminae, with zones of massive quartz replacing 
and flooding fractured rhyodacite.
Auto-brecciated and flow-banded rhyodacite porphyry commonly grades 
into non-laminated v a r ie t ie s . Clear gradations are seen both in the f ie ld  
and in a l l  d r i l l  holes. In tensity  of flow banding increases in the southern 
part of the map area, near the contact with volcanic country rocks. This 
suggests that hydrothermal a c t iv i ty  and mineralization are localized near 
the borders of the stock. Elsewhere, flow banding and auto-brecciation 
are e rra t ic  and do not correlate with location or depth within the stock. 
Color of s i l ic a - r ic h  groundmass and flow laminae varies from dark blue- 
purple to tan.
Peculiar pétrographie features include the predominance of orthoclase 
and absence of quartz in the phenocryst mineralogy. The orthoclase is 
unusually high in potassium (Org^ - Or^^) and shows no exsolution. Ortho­
clase of th is  composition is very uncommon in igneous rocks (Carmichael 
and others, 1974). This may indicate a comagmatic origin with la te r  quartz 
monzonites, as the la t te r  rocks also contain orthoclase which is extremely 
rich in potassium. The very equigranular, m icrocrystalline groundmass with 
anhedral grain boundaries probably resulted from the d e v itr i f ic a t io n  of an 
o r ig in a l ly  aphanitic groundmass.
Figure 4a. Silica-laminated rhyodacite
porphyry. Note paralle l a lign­
ment of feldspar phenocrysts and 
s i l ic a  laminae (0 .5 -1 .5  millimeters) 
Hand specimen from d r i l l  hole 
Med - 10.
Figure 4b. Auto-brecciated rhyo­
dacite porphyry. S i l i ca­
laminée have become con­
torted , and have rotated  
pieces of rhyodacite. Hand 
specimen from southern ridge 
of map area (Plate la ) .
Figure 4c. Photomicrograph of silica-lam inated  
rhyodacite porphyry (low power, 
crossed polars; f ie ld  of view is
2.2 X 2.3 m illim eters). Note 
para lle l alignment of orthoclase 
phenocrysts (K) and s i l ic a  laminae 
(S). Groundmass: (G). Pervasive 
a r g i l l ic  a lte ra tion .
— I— 
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F a ir ly  prevasive a r g i l l i c  and minor s e r ic i t ic  a lteration  persists 
near more intense areas of quartz flooding. Chalcopyrite and molybdenite 
are ir re g u la r ly  d istributed in these more intensely altered areas, and 
base-metal veinlets occur in localized patches. The base-metal veinlets  
coalesce and further brecciate the altered rock. Minor potassic a lteration  
in orthoclase veinlets up to two millimeters wide occurs near the forks 
of Emigrant Creek in otherwise fresh rhyodacite, and less commonly in 
d r i l l  core. The bulk of th is  hydrothermal a c t iv ity  preceded intrusion of 
the quartz monzonite suite (Figs. 4a,4b,4c).
Quartz Monzonite Suite
A quartz monzonite suite with f ive  d iffe ren t rock types intruded the 
consolidated rhyodacite stock. Igneous and hydrothermal history of the 
quartz monzinite suite is complex, producing numerous litho lo g ie  variants 
and several periods of a lte ra t io n . Variations in phenocryst d is tr ibu tion ,  
size, and shape, and rock composition re f le c t  changing magma composition, 
pressure, and temperature during c ry s ta ll iza t io n . These data point to two 
d is tin c t episodes of d if fe re n t ia t io n  in the magma chamber, dividing the 
suite into an early and a la te  intrusive series. Modal compositions 
(Appendix,4 -2 ) ,  visual and textural differences (Appendix 4 -1 ) ,  and cross­
cutting relationships distinguish the rock types in the suite. Rocks 
from the early  in trusive series have characteristic  textural and compo­
s it io n a l features which distinguish them from the la te  series. D ifferent  
members of the suite vary in s i l ic a  content by less than 3.5 weight per­
cent, and can easily  be confused because of visual and compositional
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s im ila r i ty .  The e a r l ie r  series include emplacement of early quartz 
monzonite and hornblende porphyry. A period of quiescence was followed 
by intrusion of quartz porphyry, plagioclase porphyry, and late  
porphyry in the la te  intrusive series.
Magmas from both early and late  series may have d ifferentia ted  
via v o la t i le  diffusion of chemical constituents in a parent magma similar  
in composition to early quartz monzonite. Convection in a re la t iv e ly  
small, near-surface magma chamber presumably enhanced this process. 
Cessation of intrusive a c t iv i ty  following emplacement of the early series 
allowed time for the magma chamber to r e f i l l  and red if fe ren tia te .
Members of the la te  intrusive series represent the s i l ic ic  end products 
of th is second period of d if fe re n tia t io n .
Field and d r i l l  core relationships (Plates 1-2) show that younger 
members of the suite generally intruded peripherally to older, s o l id i­
fied plutons. The older rocks such as early quartz monzonite apparently 
formed r ig id  plugs, forcing the younger members to intrude progressively 
fa rth er  from the center of the complex. This explains the paucity of 
cross-cutting relationships in Emigrant Gulch. A few s i l l - l i k e  bodies, 
dikes and mineralized veins intruded discordant to s i l ic a  laminae in the 
rhyodacite porphyry.
Petrographically the suite is characterized by the dominance of 
plagioclase phenocrysts with normal zoning, or with no zoning at a l l .
Very minor reverse zoning is restric ted to plagioclase from the early  
in trusive series (Fig. 6d).
Orthoclase from every member of the suite is extremely potassic (Org^ 
to Orgg) and did not exsolve a lb ite .  Carmichael and others (1974,
Figure 5a. Early quartz monzonite.
Hand specimen from d r i l l  
hole Med - 1.
Figure 6a. Hornblende porphyry.
Hand speciman from d r i l l  
hole Med - 3.
Figure 5b. Photomicrograph of
early quartz monzonite 
Oow power, crossed 
polars; f ie ld  of view 
is 3.3 X 2.3 m illim eters)  
Note re la t iv e ly  coarse 
groundmass composed of  
mainly orthoclase and 
quartz. Plagioclase: P, 
orthoclase: K, quartz:
Q, b io t i te :  B, G: ground­
mass. Sample from 
d r i11 hole Med - 1.
Figure 6b. Photomicrograph of horn­
blende porphyry (low power, 
crossed polars; f ie ld  of 
view is 3.3 x 2.3 m i l l i ­
meters). Extremely em­
bayed quartz phenocryst 
surrounded by fine-grained  
orthoclase. Q: quartz,
B: b io t i t e ,  G: groundmass.
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Figure 6b
Figure 6c. Photomicrograph of hornblende
porphyry (low power, crossed polars; 
f ie ld  of view is 3.3 x 2.3 millimeters) 
Rapakivi rim on orthoclase phenocryst. 
Note intergrown plagioclase, quartz, 
and orthoclase on rim. Plagioclase 
is in optical continuity, near ex­
t in c tion . Orthoclase core: K,
Rapakivi rim: R, groundmass; G.
Figure 6d. Photomicrograph of horn­
blende porphyry (low power, 
crossed polars; f ie ld  of 
view is 3.3 x 2.3 m i l l i ­
meters). Plagioclase 
phenocryst with reverse 
zoning. Plagioclase: P, 
groundmass: G.
Figure 7a. Quartz porphyry. Hand speciman 
south of lower Allison Tunnel 
(Plate la ) .  Quartz phenocrysts 
ci rcled.
from Figure 7b. Photomicrograph of quartz
porphyry (low power, crossed 
polars; f ie ld  of view is
3.3 X 2.3 millimeters).
Note plagioclase, b io t i t e ,  
and orthoclase, b io t i t e ,  
altered to clay minerals 
and s e r ic ite .  Note embay- 
ment of quartz phenocryst. 
Plagioclase: P, B io t ite :
8, Orthoclase: K. Quartz:
Q, groundmass: G.
Figure 6c
Figure 6d
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Figure 8a. Plagioclase porphyry. Hand 
speciman from southern ridge 
of map area (Plate la ) .  Note 
abundant, white, fine-grained  
plagioclase phenocrysts.
Figure 9a. Late porphyry. Orthoclase 
phenocryst with rapakivi rim 
circ led . Hand speciman from 
dike north of the lower 
Allison Tunnel (Plate la).
Figure 8b. Photomicrograph of plagio­
clase porphyry (low power, 
crossed polars*, f ie ld  of 
view is 3.3 x 2.3 m i l l i ­
meters). Note abundant 
dark-gray plagioclase pheno­
crysts altered to low-biré­
fringent clays. Plagioclase: 
P, Quartz: Q.
Figure 9b. Photomicrograph of la te
porphyry (low power, crossed 
polars; f ie ld  of view is 3.3 x
2.3 m ill im eters ). Extreme 
clay and s e r ic i t ic  a lte ra t io n .  
Note paucity of quartz pheno­
crysts . Plagioclase: P, 
B io tite : B.
1
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Figure 8b
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Figure 9c. Photomicrograph of late  porphyry 
(low power, crossed polars; f ie ld  
of view is 3.3 x 2.3 m illim eters).  
Rapakivi rim on small, remnant 
orthoclase core. Note extreme 
clay and s e r ic i t ic  a lte ra tion  of 
plagioclase in rapakivi rim.
K: orthoclase core, R: rapakivi 
rim, G: groundmass.
Figure 10a. Block of Allison breccia (25 centimeters 
across) showing molybdenite occurring 
with quartz as breccia matrix (dark 
color). Lighter-colored fragments 
are s e r ic i t ic a l ly  altered and 
si 1 ic i f ied .
Figure 10b. Smaller fragments of 
Allison breccia 
sim ilar to sample 
shown in Figure 10a.
Figure 9c
Figure 10a
Figure 10b
Cm.
o
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p. 231) claim orthoclase more potassic than Or^g is rare in granitic  
r h y o l i t ic  rocks where subsolidus recrys ta ll iza tio n  of the orthoclase 
has not taken place. No evidence was seen fo r subsolidus orthoclase 
re c ry s ta ll iza t io n  in any Emigrant Gulch rocks. Also, T i l l in g  (1968) 
found that the Rader Creek pluton, a quartz monzonite stock in south- 
central Montana, contains orthoclase which is Org^ and higher, and that 
no subsolidus recrys ta ll iza t io n  has taken place. In addition, Whitney 
(1975a) c lear ly  showed orthoclase phenocryst composition from synthetic 
melts quenched from 700° Celsius and two kilobars can reach OrgQ and 
higher.
Other general features include resorbed quartz phenocrysts and 
rapakivi rims on orthoclase phenocrysts which are common in many of the 
rocks. Within a single rock type, phenocryst d istribution and groundmass 
quenching are commonly irreg u lar . These textures are an integral part of 
the proposed c ry s ta ll iza t io n  model presented below.
Early In trusive Series
The early  intrusive series began with intrusion of early quartz mon­
zonite followed by hornblende porphyry. These magmas l ik e ly  formed in 
a compositionally zoned magma chamber. Both rock types have sim ilar  
compositions, indicating a lim ited amount of d iffe ren tia t io n  kept both 
magmas close to the composition of the parent magma. Textural differences 
point to derivation of each magma at d if fe re n t depths in the chamber. 
Textural differences presumably developed in response to pressure and 
temperature gradients between the upper and lower parts of the magma chamber
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V o la t i le  diffusion would have produced re la t iv e ly  fe ls ic  magma in the 
upper portion of the chamber, as s i l ic a ,  sodium, rubidium, and other 
' f e ls ic '  elements migrated roofward. Early quartz monzonite represents 
th is  fe ls ic  magma whereas hornblende porphyry is more mafic, and probably 
formed at greater depths. Mafic magmas generated at these greater depths 
would be expected to be depleted in such elements.
Early quartz monzonite. Early quartz monzonite forms generally small, 
porphyritic stocks, ir reg u lar  plutons, but rarely  dikes (Plate la ) .  Poorly 
developed jo in tin g  in massive outcrops gives the rock a very gran itic  
appearance (Figs. 5a,5b). Groundmass ranges from fine-grained seria te , to 
less-commonly aphanitic. Phenocryst content in this unit is greater than 
in any other porphyry in the suite (Appendix 4 ). Early quartz monzonite 
contains some pegmatite dikes and lenses which appear to be absent from 
other members of the suite.
Thin sections of early quartz monzonite contain more hornblende and 
b io t i te  than rocks from the la te r  series. Abundant mafic minerals in this 
rock and in hornblende porphyry distinguish members of the early series 
from subsequent porphyries which are defic ient in hornblende. Plagioclase 
phenocryst composition averages An^  ̂ and quartz phenocrysts show only 
minimal resorption. Quartz and potassium-rich orthoclase dominate the 
groundmass, as in a l l  members of the quartz monzonite suite. Orthoclase 
phenocrysts lack rapakivi rims, but granophyre-like replacements occur on 
sutured borders of quartz and orthoclase phenocrysts. These granophyre- 
l ik e  borders consist of intergrown quartz and orthoclase, with no apparent 
myrmekitic textures. Early quartz monzonite has a coarser groundmass than
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any other rock in the complex, with grains up to two millimeters.
Variants with a finer-grained groundmass are completely gradational with 
coarser v a r ie t ie s , as noted near the bottom of d r i l l  hole Med-1 (Figs. 5a, 
5b). Feathery b io t i te  replaced hornblende, probably during post-magmatic 
consolidation.
Hornblende porphyry. Intrusion of hornblende porphyry magma followed 
emplacement of early quartz monzonite. Since hornblende porphyry is more 
mafic than early  quartz monzonite, v o la t i le  diffusion apparently did not 
produce renewed compositional zonation in rising hornblende porphyry 
magma. For th is  reason, hornblende porphyry retains textural and compo­
sit iona l features of magma which may have been generated deeper in the 
chamber.
Hornblende porphyry dikes ch aracteris tica lly  have an aphanitic, dark- 
green groundmass and conspicuous hornblende phenocrysts. Dikes commonly 
outcrop within 250 meters of the margins of early quartz monzonite plutons 
(Plate l a ) .  Dikes with darker borders up to ten centimeters wide are 
exposed along the Allison Tunnel t r a i l  and in the creek bed in upper 
Emigrant Gulch. Compositionally, hornblende porphyry is the most mafic 
member of the quartz monzonite suite (Fig. 6a).
Scarce quartz phenocrysts are irre g u la r ly  distributed in hornblende 
porphyry. Quartz phenocrysts rarely exceed three percent of the rock and 
grains are extremely embayed (F ig. 6b). Orthoclase phenocrysts are even 
less common and exh ib it rapakivi rims (Fig. 6c). Calcium content in 
plagioclase phenocrysts consistently reaches An^  ̂ or higher, commonly with 
minor o s c il la to ry  zoning.
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The paucity of quartz and orthoclase phenocrysts suggests that horn­
blende porphyry magma d iffe ren tia ted  deep in the magma chamber, where 
pressures and temperatures were too high for these minerals to c ry s ta ll ize .  
Relative ly  high calcium content of plagioclase also suggests c rys ta ll iza tion  
began at depth in the chamber at re la t iv e ly  high temperatures. The few 
quartz and orthoclase phenocrysts probably began c rys ta ll iz in g  as magma 
rose to higher levels . Disequilibrium between these minerals and the melt 
may have been caused by changing pressure and temperature during ascent of 
the magma. The minerals reacted with the melt, with quartz resorbed and 
orthoclase mantled by rapakivi rims. These phenocryst textures contrast with 
those seen in early quartz monzonite where quartz and orthoclase are more 
common and show l i t t l e  indication of disequilibrium with the melt. Plagio­
clase is re la t iv e ly  sodic. This is expected i f  early quartz monzonite magma 
was derived at shallower depth under lower pressures and temperatures.
Late In trusive Series
Following emplacement of the early intrusive series, the magma chamber 
presumably r e f i l l e d  with parent magma sim ilar in composition to early  
quartz monzonite. The magma d iffe ren tia ted  to produce members of the 
la te  in trusive series.
Intrusive history of the la te  series is much more complex than in the 
early series. Rocks in the la te  series are a l l  more s i l ic ic  than early  
quartz monzonite or hornblende porphyry. This may indicate that d i f ­
fe re n tia tio n  proceeded to a greater degree in the la te  series, and that 
mafic magmas orig inating deeper in the chamber underwent renewed d i f ­
fe re n tia t io n  as they ascended. Draining of the chamber may have been
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discontinuous, allowing time for red iffe ren tia t io n  of the r is in g , mafic 
magmas. This contrasts with the early series, where magmas appear to 
have intruded in a single, continuous event without red iffe ren tia t ion .
Quartz porphyry. D iffe ren tia tio n  in the late intrusive series would 
presumably have generated a s i l ic a - r ic h ,  fe ls ic  cap atop the magma 
chamber. This magma is represented by quartz porphyry, the in i t i a l  phase 
of the la te  series. Quartz porphyry dikes contain d is tinctive  quartz 
phenocrysts, and a creamy-tan aphanitic groundmass (Fig. 7a). The dikes 
cross-cut hornblende porphyry dikes in upper Emigrant Gulch. Quartz 
porphyry also intrudes the early quartz monzonite stock on the main ridge 
in the center of the map area (Plate la ) . Dikes coalesce north of this  
main ridge, forming irregularly-shaped plutons. Fresh outcrops can be 
found to the north, 210 meters from the end of the upper d r i l l  road.
Intrusion of quartz porphyry dikes closely coincides with a major 
period of molybdenum m ineralization, intense arg il l i e  and s e r ic i t ic  a l ­
te ra t io n , and brecciation. This a c t iv i ty  would be expected as hydro- 
thermal flu ids  evolved from quartz porphyry magma in higher levels of the 
magma chamber. The magmatic system also generated many quartz-porphyry 
variants that have an a p l i t ic  groundmass. These variants grade into a 
younger rock type with abundant plagioclase phenocrysts.
Severely resorbed quartz phenocrysts in quartz porphyry have sutured 
boundaries where replaced by groundmass (Fig. 7b). Orthoclase borders 
also show the same type of replacement, producing incip ient granophyric 
textures. Rapakivi rims replace some borders as w ell. Changing pressures 
and temperatures in the roof zone of the chamber might produce these
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reaction textures by causing disequilibrium between these minerals and 
the melt. Plagioclase between Ang  ̂ and Angy probably resulted from the 
re la t iv e ly  h ig h -s il ic a  content of quartz porphyry magma and lower tem­
peratures in the roof zone.
Thin section study reveals b io t ite  altered to muscovite and ch lo r ite ,  
with accompanying r u t i le .  This a ltera tio n  is diagnostic of quartz porphyry 
and other members of the la te  intrusive series. Severe arg il l i e  and 
s e r ic i t ic  a lte ra t io n  makes quartz porphyry easily confused with other a l ­
tered rock types in the quartz monzonite suite (Fig. 7b). The severe a l ­
te ra tion  in quartz porphyry records intense hydrothermal a c t iv i ty  in the 
la te  in trusive series.
Quartz porphyry variants and plagioclase porphyry. Depletion of 
v o la t i le - r ic h  porphyry magma from the top of the chamber would have allowed 
magma orig inating at s l ig h t ly  deeper levels to migrate upward. Quartz 
porphyry variants and plagioclase porphyry represent such magmas. Such 
rocks occur in re la t iv e ly  small amounts, commonly adjacent to quartz 
porphyry (Plate la ) .  The gradational nature of these rock types indicates 
a magmatic continuum, with la te r  phases emplaced from magmas originating  
progressively deeper in the chamber. The nature of contacts between these 
units is also complex. Plagioclase porphyry crosscuts the e a r l ie r  phases 
near the las t switchback of the d r i l l  road on the southernmost ridge of 
the map area (Plate l a ) .  Good examples of gradational contacts and in te r ­
mediate types are found between 120 and 190 meters depth in d r i l l  hole 
Med-3.
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Two generations of plagioclase phenocrysts in plagioclase porphyry 
record c ry s ta ll iza t io n  at d i f fe re n t depths. Most phenocrysts occur as 
numerous, fine-grained laths which give the rock i ts  peculiar texture 
(Figs. 8a,8b). Larger plagioclase phenocrysts are not as abundant, are 
unzoned, and have compositionsreaching An^g. The larger, calcic phenocrysts 
possibly c rys ta ll ized  at deeper, hotter levels of the chamber whereas the 
smaller laths grew a fte r  the magma rose to the roof zone. The smaller 
laths are probably more sodium-rich than larger phenocrysts, although clay 
and s e r ic i te a lte ra tio n  makes estimation of calcium content and degree of 
zoning speculative. Orthoclase phenocrysts have well-developed rapakivi 
rims, and quartz phenocrysts are extremely embayed.
A v o la t i le  phase would be expected to have accumulated in the roof zone 
of the magma chamber as v o la t i le  diffusion enriched the s i l ic a  content of 
r is in g , mafic magmas. Resorbed quartz and rapakivi rims are evidence 
of changing pressure and temperature during accumulation of the v o la t i le  
phase. Presence of an active v o la t i le  phase during intrusion of quartz 
porphyry variants and plagioclase porphyry is also suggested by the 
a p l i t ic  texture of many of these rocks. Water, fluorine , and other con­
stituents in the v o la t i le  phase would tend to in h ib it  nucléation of mineral 
grains, producing a sugary, fine-grained a p l i t ic  groundmass according to 
Hyndman (unpub. manusc., 1982, p. 153). The v o la t i le  phase also apparently 
induced progressively more intense a lteration  in the quartz porphyry 
variants and plagioclase porphyry.
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Hydrothermal a c t iv i ty  resulted in the most pronounced brecciation
and molybdenum mineralization in Emigrant Gulch. The bulk of brecciation
probably took place during plagioclase porphyry intrusion, as many of 
the brecciated zones contain fragments of quartz porphyry and plagioclase 
porphyry (Plate lb ) .  A few molybdenite stockworks cut these breccias, 
but most m ineralization occurs in the matrix of the breccias with intense 
s i l ic i f i c a t io n .  Brecciation around the Allison Tunnel i l lu s tra te s  this  
style of mineralization (Figs. 10a,10b).
Late porphyry. The f in a l stage of magmatism in the la te  intrusive  
series occurred with intrusion of la te  porphyry dikes. These dikes cross­
cut a l l  e a r l ie r  phases but rare ly  intrude the larger plutons in the center 
of the map area (Plate l a ) .  Late porphyry therefore forms the most pe ri­
pheral phase of the quartz monzonite su ite , emplaced la te ra l ly  to the 
ea rlie r ,  consolidated plutons.
One-half kilometer north of the map area on steep c l i f f s ,  are two 
separate stages of la te  porphyry dikes. The younger la te  porphyry dike 
cuts an older dike, but rocks from each event are tex tu ra lly  and com­
posit iona lly  id en tica l. These outcrops, l ik e  other late porphyry rocks, 
commonly appear flaggy, with pronounced jo in t  surfaces para lle l to dike 
margins. Some v a r ie it ie s  of la te  porphyry resemble quartz porphyry with­
out quartz phenocrysts (Figs. 9a,9b). The dike along the main ridge of
the map area i l lu s tra te s  th is  (Plate la ) .
R elative ly  calcic plagioclase phenocrysts in la te  porphyry suggest 
that magma began c ry s ta ll iz in g  at deeper, hotter parts of the same magma 
chamber which generated quartz porphyry and plagioclase porphyry.
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Plagioclase consistently yielded values of An̂ Q to An^  ̂ despite pervasive 
clay and s e r ic i te a lte ra t io n .
Other phenocryst textures imply marked disequilibrium with the rising  
magma. Uncommon orthoclase phenocrysts almost invariably have rapakivi 
rims, and some aggregates contain no orthoclase cores, or only small, 
anhedral remnants (Fig. 9c). Severely embayed quartz phenocrysts com­
monly have sutured quartz overgrowths which are op tica lly  continuous with 
the surrounded crysta l.
Extreme arg il l i e  to s e r ic i t ic  a ltera tion  ty p if ies  late  porphyry and 
fresh rock could not be found (Fig. 9b), S e r ic ite invariably replaces 
feldspars and b io t i te .
Summary
The summary below describes sequential events in the intrusive history 
of the Emigrant Gulch quartz monzonite suite. The discussion above 
describes pétrographie features of the suite and introduces the idea 
that rock types originated from magmas at d if fe ren t depths of a magma 
chamber. Pétrographie evidence supporting th is idea is reviewed in the 
next section, using theoretical aspects from a magma c rys ta ll iza t io n  model 
by Whitney (1975b).
1) Parental magma s im ilar in composition to early quartz mon­
zonite f i l l e d  a small magma chamber within 6 kilometers of 
the surface. Magma probably represented a high level 
apophysis of a deeper pluton. Variations in pressure 
between one and two kilobars, and l i qui dus temperatures
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between 900° and 700° Celsius resulted in a zonal d is t r i ­
bution of phenocrysts in the chamber.
2) Early quartz monzonite magma d ifferen tia ted  at higher levels 
of the chamber, c rys ta ll iz in g  unresorbed quartz, and 
orthoclase lacking rapakivi rims. Hornblende porphyry magma 
was generated deeper in the chamber.
3) Meager quantities of v o la t i le  flu ids accumulated in the roof zone, 
in s u ff ic ie n t  to cause pressure fluctuations and phenocryst dis­
equilibrium in early quartz monzonite magma. Consequently, 
l i t t l e  a lte ra t io n , m ineralization, brecciation or groundmass 
quenching accompanied intrusion. Both early quartz monzonite
and hornblende porphyry magmas were expelled from the chamber 
in a single, continuous event. Scattered quartz and ortho­
clase phenocrysts crys ta ll ized  in hornblende porphyry magma 
during ascent and reacted with the melt to form resorbed rims 
on quartz, and rapakivi rims on orthoclase. This disequilibrium  
was apparently caused by decreasing pressure and temperature, 
along with increased water content in the magma. Emplacement 
of early  quartz monzonite and hornblende porphyries terminated 
the early in trusive series.
4) The chamber r e f i l l e d  with parental magma. Physical gradients 
again produced d iffe re n t stable phenocryst assemblages at 
d if fe re n t depths in the chamber. Quartz porphyry magma formed 
towards the top of the chamber with a coexisting v o la t i le  phase.
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Accumulating vo la ti les  in the roof zone caused increases 
in pressure which induced resorption of quartz pheno­
crysts and rapakivi rims on quartz porphyry and 
plagioclase porphyry.
5) V o la t i le  degassing provided the driving force for quartz 
porphyry intrusion, triggering severe argil l i e  and 
s e r ic i t ic  a lte ra t io n , molybdenum deposition, and 
brecciation (Figs. 10a,10b). Plagioclase porphyry 
magma replaced quartz porphyry magma atop the chamber, 
as intrusion continued. Progressively more intense 
v o la t i le  a c t iv i ty  altered and brecciated intruding  
phases, many of which were ap lit ic -q u artz  porphyry 
variants. Plagioclase porphyry shows phenocryst- 
reaction textures s im ilar to quartz porphyry, l ik e ly  as 
a resu lt of hydrothermal processes in the roof zone. 
However abundant, re la t iv e ly  calcic plagioclase pheno­
crysts, and few orthoclase phenocrysts imply that the 
magma began c ry s ta ll iz in g  at deeper, hotter levels.
6) Emplacement of la te  porphyry terminated the la te  intrusive
series. Phenocryst minerals include calcic plagioclase
with uncommon quartz and orthoclase. Phenocrysts show 
reaction textures analogous to those in hornblende 
porphyry, most l ik e ly  due to magmatic disequilibrium  
during ascent. V o la t i le  a c t iv i ty  during la te  porphyry 
emplacement was s t i l l  severe enough to cause pervasive 
s e r ic i t ic  a lte ra t io n , but l i t t l e  brecciation or sulfide
CHAPTER IV 
MAGMA CRYSTALLIZATION
This section presents theoretical aspects of magma crys ta ll iza tio n  
from a cooling model proposed by Whitney (1975b). Whitney (1975b) studied 
an experimental system using synthetic quartz monzonite melts sim ilar  
in composition to Emigrant Gulch porphyries. According to this model, 
pressure and temperature gradients in a re la t iv e ly  small magma chamber 
w il l  s ta b il iz e  d i ffe re n t phenocryst assemblages at d iffe ren t depths.
This zonation implies a sequential order of phenocryst crys ta ll iza tio n  
as temperature and pressure decrease roofward in the chamber. The order 
of phenocryst c rys ta ll iza t io n  inferred from inclusion relationships in 
Emigrant Gulch rocks is compatible with this cooling model.
The orig in of reaction textures in phenocrysts is also discussed, 
with reference to experimental studies and phase diagrams that explain 
disequilibrium between phenocrysts and the surrounding magma. Such dis­
equilibrium presumably occurs with rapidly changing pressure, tempera­
ture , and water content in the magma. Either rapid ascent of magma 
towards the top of the chamber or buildup and release of vo latiles  in the 
roof zone might cause these severe fluctuations in pressure and tem­
perature.
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Physical Parameters
Emigrant Gulch magmas presumably d iffe ren tia ted  from a parent magma 
which ascended high into the continental crust. The level to which this  
magma rose c r i t i c a l ly  determined pressure and temperature gradients, 
and the amount of dissolved water during d iffe re n tia t io n . Phenocrysts 
probably began c ry s ta ll iz in g  in a magma chamber at depths no greater 
than five  to six kilometers, as most porphyries have a quenched, 
aphanitic groundmass. This depth corresponds to less than two kilobars 
l i th o s ta t ic  pressure, with a maximum of four to six weight percent 
dissolved water, as shown by Hyndman (unpub. manusc., 1982, p. 135-136) 
and Brown (1970, p. 356). At these conditions magma crys ta ll iza tio n  
would terminate near 700° Celsius, according to experimental work on 
synthetic quartz monzonites compositionally s im ilar to Emigrant Gulch 
porphyries (Whitney, 1975a).
The presence of both orthoclase and plagioclase phenocrysts in 
Emigrant Gulch rocks provides another way of estimating solidus tem­
perature. Phase diagrams on Figures 11 and 14 demonstrate that members 
of the quartz monzonite suite c rys ta ll ized  at sub-sol vus temperatures. 
This means that feldspars formed as discrete potassic and sodic phases 
rather than a s ingle , homogenous a lk a li  feldspar. Temperatures of the 
solvus-solidus boundary on the binary diagram in Figure 11, and the 
ternary eutectic on Figure 14 agree with the solidus temperature of about 
700° Celsius.
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T ( * C )
LIQUIDUS
EUTECTIC
SOLIDUS
K - r i c h
FELDSPAR
7 0 0  -
SOLVUS
PLAGIOCLASE
FELDSPARPERTHITE
Qr PLAGIOCLASE
(A N 2 5 )
F ig u r e  11 .  Approx im ate  phase r e l a t i o n s h i p s  i n  f e l d ­
spars CRYSTALLIZING AT ABOUT 0 . 5  KILOBARS (H2O) FOR 
PLAGIOCLASE SIMILAR IN COMPOSITION TO PLAGIOCLASE IN
Em i g r a n t  Gulch  rocks (AN2 5 ) .  Two f e l d s p a r s  ̂ p o t a s s i u m
RICH FELDSPAR AND PLAGIOCLASE WILL CRYSTALLIZE AT THE
EUTECTIC. D ia g r a m  r e p r e s e n t s  s e c t i o n  of t e r n a r y  d i a ­
gram ON f i g u r e  1 4 ,  DRAWN PARALLEL TO THE ORTHOCLASE- 
PLAGIOCLASE JOIN,  AND NEAR THE TERNARY MINIMUM.
Af t e r  Hyndman ( 1 9 8 2 ,  u n p u b . m a n u s c . ,  p . 310)
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Solidus temperature could have been lowered by an estimated, 
additional 35° Celsius by the presence of fluorine in the magmas 
(Bailey, 1977). In experimental systems studied by Von Platen and 
Winkler (1961), and Von Platen (1965) a granite melt with 0.5 molar dis­
solved fluorine  and saturated in water at two kilobars s o lid if ie d  35° 
Celsius lower than the same melt without fluorine. Fluorine concentrations 
in Emigrant Gulch rocks are much lower, however, and 35° Celsius l ik e ly  
represents the maximum temperature depression of the solidus.
Chemically, fluorine inh ib its  linking of s i l ic a te  chains, with 
silica-oxygen bonds broken and s i l ic a - f lu o r in e  bonds formed. This de- 
polymerizes the chains, decreases magma viscosity , and delays f in a l  
c ry s ta l l iz a t io n .
Cooling Model
Whitney's experimental cooling model (1975b) i l lu s tra te s  that d i f ­
ferent phenocrysts w i l l  be stable a t d if fe ren t depths of a magma chamber 
due to pressure and temperature gradients alone. In the experimental 
system, orthoclase appears on the liquidus at lower temperatures than 
e ither quartz or plagioclase (Figs. 12a,12b). Orthoclase phenocrysts 
would be in equilibrium with magma only in the upper, cooler portions of 
the chamber, and any crystals subjected to higher pressures or tem­
peratures would be unstable. Late c rys ta ll iza tio n  of potassium feldspar 
is apparently common in many gran it ic  magmas with a s im ilar amount of 
dissolved water (Hyndman, unpub. manusc., 1982, p. 333-334).
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Quartz appears at higher liquidus pressures and temperatures than 
orthoclase in both phase diagrams on Figure 12. Quartz would be expected 
then, to persist to greater depths in the magma chamber than orthoclase. 
Distribution of quartz and orthoclase phenocrysts in Emigrant Gulch 
quartz monzonites generally agrees with these observations. Magmas such 
as early quartz monzonite which contain more of these minerals probably 
began c ry s ta ll iz in g  higher in the chamber. Magmas postulated as having 
formed at greater depth, such as hornblende porphyry, contain few quartz 
or orthoclase phenocrysts.
Composition of plagioclase from rocks from each intrusive series rein* 
forces the idea that la te r  rocks in each series originated from magmas 
at greater depth. Plagioclase phenocrysts become progressively more 
calcic with time in each series, with rocks lik e  hornblende porphyry 
and la te  porphyry having a higher An content.
Figure 13 i l lu s tra te s  the hypothetical d istribution of phenocryst 
minerals in a quartz monzonite magma chamber, based on phase diagrams in 
Figure 12. Both early and la te  intrusive series in the quartz monzonite 
suite presumably originated in th is way, with each series representing a 
d is tin c t episode of magma chamber f i l l i n g  and d iffe re n tia t io n . D ifferent  
members of each series represent magmas derived at d iffe ren t depths. 
Intrusion of these rocks apparently took place before protracted cooling 
could cause the magmas to s o lid ify  within the chamber i t s e l f .
Figure 12. Phase relationships for synthetic quartz mon­
zonite magma containing zero to six weight percent 
dissolved water. Figure 12a: temperature
versus weight percent water at two kilobars.
Figure 12b: pressure versus weight percent d is­
solved water at 750° Celsius. Quartz s ta b i l i ty  
f ie lds are highlighted in both diagrams.
Arrow in Figure 12a shows magma composition 
moving out of quartz s ta b i l i ty  f ie ld  with in ­
creasing amount of dissolved water during 
crys ta ll iza t io n . Solid arrow in Figure 12b 
shows sim ilar phenomenon. Dashed arrow in 
Figure 12b shows magma sh ifting  out of quartz 
s ta b i l i ty  f ie ld  due to pressure increase.
Such a pressure increase may be the result of 
increased water content in the magma and the 
accompanying v o la t i le  phase in the roof zone 
of a magma chamber.
Composition of synthetic quartz monzonite:
(a fte r  Whitney, 1975a)
weight percentSiO^: 70.34
^^2^3' 18.00
CaO : 3.97
Nâ O : 4.37
KgO : 3.32
Normative equivalents:
quartz: 23.7
orthoclase: 19.8
a lb ite :  37.3
anorthite: 19.8
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FIGURE 12
Figure 13. Experimentally determined zones of s ta b i l i ty  for phenocryst minerals in a 
cooling quartz-monzonite pluton. Figure shows hypothetical cross section 
of the pluton 1,250 years and 12,500 years a f te r  intrusion, with the 700* 
Celsius isotherm collapsing inward. Stable phenocryst phases are shown 
as a function of pressure and temperature gradients. Composition of the 
synthetic quartz monzonite used in this cooling model is given in Figure 12.
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and orthoclase appearing la s t.  This sequence, inferred from inclusion 
re lationships, is the same fo r  a l l  the quartz monzonites studied 
(Appendix 4a).
Sequence of c ry s ta l l iza t io n  is also in agreement with quantities  
of phenocryst minerals seen in the quartz monzonites. Plagioclase 
dominates phenocryst mineralogy in every member of the suite. In contrast, 
orthoclase and quartz phenocrysts are not as abundant (Appendix 4b). This 
is expected i f  plagioclase was the f i r s t  mineral to appear on the liquidus 
and was therefore able to c ry s ta ll ize  in greater quantities than other 
phenocryst minerals.
Figure 14 i l lu s tra te s  th is  sequence using the quartz-plagioclase- 
orthoclase ternary phase diagram. Each quartz monzonite magma in the 
suite probably began c ry s ta ll iz in g  in the plagioclase f ie ld  since plagio­
clase is the most abundant phenocryst mineral. Continued cooling bought 
magmas to the plagioclase-quartz cotectic , rock types with more quartz 
phenocrysts remaining on the cotectic longer. Liquidus temperatures 
dropped s u ff ic ie n t ly  fo r each magma to c ry s ta ll ize  orthoclase at the 
eutectic ju s t  prior to groundmass quenching and s o lid if ic a t io n . Rock 
types l ik e  hornblende porphyry and la te  porphyry remained at the eutectic  
only long enough to c ry s ta ll iz e  a few, scattered orthoclase phenocrysts. 
This probably resulted from rapid rise and emplacement of magma from 
deeper levels of the chamber. Conversely, early quartz monzonite and 
quartz porphyry cooled longer at lower temperatures and contain more 
orthoclase than other rocks in the suite. In addition, estimates of
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groundmass composition for a l l  members of the suite (Appendix 4a) plot 
close to the eutectic on Figure 14.
Reaction Textures
The phase diagram on Figure 12a shows that rising quartz monzonite 
magma could s h i f t  outside the quartz s ta b i l i ty  f ie ld  i f  water content 
increased to more than 3.5 percent, as temperature dropped below 750* 
Celsius. This s h if t  is depicted by the arrow in Figure 12a. Such an 
increase in water saturation is expected as the magma rises to shallower 
leve ls , and the water becomes less soluble in the melt (Hyndman, unpub. 
manusc., 1982, p. 152-153). This amount of dissolved water is appropriate 
for quartz monzonite magmas within the postulated pressure and temperature 
ranges (Whitney 1975b).
Figure 12b shows a s im ilar  s h if t  of the magma outside the quartz mon­
zonite s ta b i l i ty  f ie ld  as pressure decreases from about 1.6 kilobars 
and water content in the melt approaches four percent. Again, such an 
e ffe c t  is expected when magma becomes more saturated in water at 
shallower depths where pressures are re la t iv e ly  low.
As magma composition sh ifts  out of the quartz s ta b i l i ty  f ie ld ,  
previously c rys ta ll ized  quartz would partly  redissolve in the magma and 
exh ib it resorbed rims. Severely resorbed quartz in rocks lik e  horn­
blende porphyry and la te  porphyry suggests magmas originated deep in the 
chamber, then rose and became more water saturated. Disequilibrium  
occurred between quartz phenocrysts and magma, and resulted in embayed 
quartz borders (F ig. 6b).
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I t  can also be argued that buildup of water and other vo latiles  in 
the roof zone the chamber might cause quartz embayment in magmas in the 
roof zone. The dashed lin e  in Figure 12b shows that pressure increase 
from increasing v o la t i le  water in the system would cause magma com­
position to s h i f t  out of the quartz s ta b i l i ty  f ie ld .  Resorbed quartz 
in rocks from the la te  intrusive series l ik e  quartz porphyry then, 
probably arose because of an active v o la t i le  phase (F ig. 7b). Presence 
of th is  v o la t i le  phase was established above, in view of the intense 
hydrothermal a lte ra tio n  associated with quartz and plagioclase por­
phyries.
Numerous episodes of v o la t i le  buildup and release during intrusion of 
the la te  in trusive series probably produced repeated periods of quartz 
resorption. Embayed quartz in plagioclase porphyry suggests this magma 
rose to the roof zone a f te r  intrusion of quartz porphyry and was sub­
jected to the same increasing pressures and water saturated as was the 
e a r l ie r  magma. In this way, embayed quartz in rocks from the late  in ­
trusive series re flects  the recurring buildup and venting of vo la ti les  
in the roof zone, concurrent with hydrothermal a lte ra t io n , brecciation  
and su lfide m ineralization.
In a s im ilar manner, rapakivi rims on orthoclase may indicate sh ifting  
of melt composition out of the orthoclase s ta b i l i ty  f ie ld .  The ternary 
phase diagram on Figure 15 demonstrates this phenomenon. The phase 
boundary drawn between the orthoclase and plagioclase f ie lds  sh ifts  
towards the lower border of the diagram with decreasing pressure, as 
shown by Abbott (1978). Composition of a magma c ry s ta ll iz in g  orthoclase
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w il l  move into the plagioclase f ie ld  i f  i t  is close to the phase 
boundary p r io r  to the drop in pressure. Abbott (1978) concluded that 
th is  would induce the growth of plagioclase rims around an unstable 
orthoclase c rys ta l, and produce a rapakivi texture. The pressure de­
crease required for th is  process could be attributed to sudden venting 
of v o la t i les  in the roof zone. Conversely, lack of e ither rapakivi rims 
or resorbed quartz in early  quartz monzonite suggests only meager amounts 
of v o la t i le s  accumulated in magmas of the early intrusive series. Con­
sequently, l i t t l e  a lte ra t io n , m ineralization, or groundmass quenching is 
associated with early  quartz monzonite.
F in a lly , decreasing l i th o s ta t ic  pressure in magmas rising from depth 
could conceivably cause rapakivi textures on orthoclase phenocrysts. The 
few orthoclase phenocrysts that did form in hornblende porphyry and late  
porphyry are invariable mantled by plagioclase, giving further evidence 
that these rocks formed from magmas derived deeper in the chamber.
CHAPTER V 
CHEMISTRY AND DIFFERENTIATION
Whitney's cooling model explains variations in phenocryst d is t r i ­
bution and mineralogy in Emigrant Gulch quartz monzonites. I f  magmas 
d iffe re n tia te d  at d if fe ren t depths, however, the magma chamber would 
have become compositionally zoned in addition to c ry s ta ll iz in g  d ifferen t  
phenocryst assemblages at d i f fe re n t depths. The cooling model alone 
fa i ls  to explain th is  compositional zonation. Felsic magmas would have 
been generated higher in the chamber and mafic magmas at greater depth, 
as indicated by compositional trends in the early and late intrusive  
series.
This section examines trends for major and minor oxides, and trace 
elements, and the effects of hydrothermal a ltera tion  in the quartz mon­
zonite suite. These compositional trends re f le c t  changing pressure, 
temperature, and chemical gradients during magma d if fe re n t ia t io n . Textural 
data presented above is coupled with compositional data to propose that 
magmas d iffe ren tia ted  by v o la t i le  d iffusion . This model, applied to 
in trusive rocks in Emigrant Gulch, was adopted from H ildreth 's  study of 
the Bishop T u ff  (1979). Textural and compositional data also discount 
other d if fe re n tia t io n  mechanisms such as crystal fractionation.
Chemistry
Whole-rock oxide and trace-element trends fo r rocks in the Emigrant
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Gulch quartz monzonite suite i l lu s t ra te :
1) Early in trusive series rocks are chemically d is tin ct  
from the la te  intrusive series rocks.
2) Compositional differences between members of the suite  
re f le c t  changing pressure, temperature, and compositional 
gradients during magma d iffe re n t ia t io n .
3) Compositional differences are also produced by hydrothermal 
a lte ra tio n  in the la te  intrusive series. Rocks in the 
early  series were not s ig n if ican tly  altered.
Major-and Minor-oxide Chemistry
Rock-chip samples of each member in the quartz monzonite suite were 
collected from the freshest rocks available but hydrothermal a ltera tion  
has affected rocks from the la te  intrusive series. Figures 16 and 17 plot 
whole-rock oxides and th e ir  average values against s i l ic a  for each rock 
type.
Figures 16 and 17 show that members of the early intrusive series 
contain greater quantities of elements that are associated with 'mafic' 
rocks. Early quartz monzonite and hornblende porphyry have higher iron,  
magnesium, calcium, and phosphorus than rocks from the late  intrusive  
series. Conversely, la te -series  rocks contain more s i l ic a  and potassium, 
oxides normally associated with ' fe ls ic *  rocks. Trace-element trends 
on Figures 18 and 19 confirm th is  d is tinction . The rocks from the la te  
series represent the more-felsic, more-differentiated quartz monzonites 
in Emigrant Gulch.
Figure 16. Major and minor oxide contents of Emigrant Gulch quartz 
monzonites plotted against SiO^ contents. Ail 
samples for each rock type are plotted. Corre­
lation coeffic ient R, and R also shown for each 
oxide. R measures degree of dependence of each 
oxide with s il ic a :
R = : perfect correlation
R = 0: no correlation
2
R measures the amount of v a r ia b i l i ty  in each 
oxide trend that is explained from the linear  
dependence with SiOg:
2
R = 1 :  100 percent of the v a r ia b i l i ty
2 can be explained.
R = 0: 0 percent of the v a r ia b i l i ty  can
be explained.
Figure 17. Average major and minor oxide contents of 
Emigrant Gulch quartz monzonites plotted 
against average SiOg contents. R and R̂  
for each oxide trend are also shown (see 
Figure 16 for explanation).
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R ela tive ly  high correlation coefficients for fe r r ic  iorn, ferrous 
iron , magnesium, and calcium indicate close association with s i l ic a .
Poorer correlations fo r titanium, aluminum, potassium, and sodium stem 
p a rtly  from analytical precision but more so from argil l i e  and s e r ic it ic  
a lte ra tio n  in the la te  intrusive series. The apparent decrease of sodium 
with increasing s i l ic a  fo r example, is uncommon in unaltered gran itic  
rocks (Hyndman, unpub. manusc., 1982, p. 96). Sodium may be leached 
from s e r ic i t ic a l ly  altered rocks through hydrogen metasomatism and cation 
exchange according to Meyer and Hemley (1968, Table 6 .1 ) ,  and Hemley 
and Jones (1964). Younger quartz monzonites in Emigrant Gulch underwent 
the most extensive a ltera tio n  of this type and consequently retained the 
least sodium.
Analogous cation exchange can convert potassium feldspar to 
potassium clays and micas during intense arg il l i e  and s e r ic i t ic  a lteration  
(Hemley and Jones, 1964). These reactions liberate  potassium ions which 
may be flushed in aqueous flu ids from zones of severe a lte ra t io n . This 
accounts for anomalously low potassium in plagioclase porphyry, and 
results in poor correlation of th is  oxide with s i l ic a  (Figs. 16,17).
Although aluminum is generally immobile or s l ig h t ly  depleted in 
s e r ic i t ic  and potassically altered zones (Hemley and Jones, 1964, Table 1 ) ,  
Meyer and others (1968) documented aluminum content increase in s e r i c i t i ­
c a lly  altered quartz monzonite at Butte, Montana. This could explain the 
higher aluminum content of altered plagioclase porphyry and la te  porphyry 
compared to less altered rocks in the early series. Scatter of titanium  
values fo r porphyries on Figures 16 and 17 may also result from
73
a lte ra t io n ,  but supporting data are lacking. In addition, hydrogen 
metasomatism commonly depletes calcium and magnesium in more severely 
altered rocks. Good correlations of these oxides with s i l ic a ,  as well 
as lower i n i t i a l  values are l ik e ly  a product of arg il l ie  and s e r ic i t ic  
a lte ra tio n  in the la te  intrusive series.
Figure 17 shows averages for oxides in the quartz monzonite suite  
and demonstrates that mafic rocks from the early intrusive series are 
chemically d is t in c t  from rocks in the fe ls ic ,  la te  series. A combination 
of orig inal magma composition, and a lte ra tio n  contribute to th is dis­
t in c tio n . Despite the above argument that a lte ra tio n  modifies calcium 
trends, only differences in orig inal mineralogy between early and late  
in trusive series rocks are required to explain observed calcium v a r i­
a b i l i t y .  Calculated calcium contents of rocks from both the early and 
la te  in trusive series, based on percent plagioclase phenocrysts, closely 
approximates whole-rock values for each respective series (Appendix 2 ) .  
Likewise, plagioclase phenocryst composition and content appear to con­
tro l calcium v a r ia b i l i ty  between members within each series, such as 
early  quartz monzonite and hornblende porphyry. Conversely average values 
of sodium no longer re f le c t  differences in original magma composition. 
Calcium plotted against sodium in Figure 18 i l lu s tra te s  compositional 
dependence of Emigrant Gulch quartz monzonites on both magma chemistry 
and hydrothermal a lte ra tio n .
Emigrant Gulch quartz monzonites can also be distinguished by modal 
and normative mineral content (Figs. 3 ,14; Appendix 5 -2 ) .  Normative 
quartz-a lb ite-orthoclase estimates are plotted in Figure 14, and closely
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p ara lle l modal values shown on Figure 3. Both figures show that fe ls ic ,  
la te  in trusive rocks plot closer to the ternary minimum than early series 
rocks.
Trace-element Chemistry
The trace-element content of rocks from the quartz monzonite suite 
fu rther characterizes the early series as being more mafic than the late  
series. Members of the early series generally have more strontium than 
rocks from the more fe ls ic ,  la te  series (Figs. 18,19). In early quartz 
monzonite and hornblende porphyries, cation exchange between the melt 
and phenocrysts probably enriched hornblende and plagioclase in strontium.
Similar reasoning explains lower rubidium/strontium ratios in the 
early series than in la te  quartz monzonites that have fewer calcic plagio­
clase phenocrysts, and lack abundant hornblende. In the la te  intrusive  
series, rubidium probably substitutes for potassium in b io t i te  and ortho­
clase. Figure 19 supports th is ,  since rubidium content increases with 
increasing potassium in younger, more siliceous rocks that contain more 
modal and normative orthoclase. More rubidium exchange is possible with 
more available s ites . Rubidium and rubidium/strontium plotted against 
potassium on Figure 19 reveal s im ilar trends.
The preceding discussion describes trace-element variations as a 
function of in i t i a l  magma composition. Effects of hydrothermal a l ­
te ra tion  in plagioclase porphyry however, produced poorer correlations  
fo r  rub id ium -silica , strontium-potassium, and rubidium-strontium. Low 
and e r ra t ic  potassium values for the la te  series rocks which were subjected to
Figure 18. Peacock a lk a li- l im e  index (Na^O + K̂ O 
versus CaO, a f te r  Peacock, 1931); Nâ O 
versus CaO; and Rb, Sr and Rb/Sr versus 
SiOg for Emigrant Gui ch quartz monzonites.
Average oxide and element contents fo r each 
rock type are plotted. R and R̂  values are 
also shown for each oxide and element trend 
(see Figure 15 for explanation).
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arg il l i e  and s e r ic i t ic  a ltera tio n  is expected however, as explained 
above. Plagioclase porphyry is an extreme example of th is ,  containing 
very l i t t l e  potassium and rubidium. Both elements are mobile and 
reactive during intense arg il l i e  and s e r ic i t ic  a lte ra t io n , and are 
easily  leached. These considerations also explain the unusual position 
of plagioclase porphyry on the rubidium-potassium, and rubidium/ 
strontium-potassium plots (Fig. 19).
D ifferen tia tion
The discussion of chemistry shows that two d is tin c t series of magmas 
were generated in Emigrant Gulch. I t  was proposed in the sections above 
that the early intrusive series represents the f i r s t  episode of magma- 
chamber f i l l i n g ,  d if fe re n t ia t io n ,  and draining. I t  was argued that 
textural differences seen in rocks from the early series arose from 
magmas generated at d if fe ren t depths in the chamber. Compositional 
variations between the lower and upper parts of the chamber would ex­
plain differences in chemistry within rocks of the early intrusive series.
Similar reasoning explains chemical and textural trends in rocks from 
the la te  in trusive series. The trends point to a second period of magma- 
chamber f i l l i n g ,  d if fe re n t ia t io n ,  and draining. Unlike the early series 
however, d i f fe re n t ia t io n  produced magmas richer in s i l ic a  and other 
fe ls ic  constituents.
D iffe re n tia t io n  in the quartz monzonite suite must take into account 
compositional trends in both the early and la te  series. These trends 
imply two periods of compositional zonation affecting the d iffe re n t ia t in g
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magmas. A process involving upward transfer of v o la t i le  constituents 
in the magma chamber offers the most reasonable explanation of this com­
positional zonation. This process is known as v o la t i le  diffusion. Shaw 
Cl974) described theoretical aspects of v o la t i le  d iffusion , whereas 
Hildreth (1979, 1981) and Luddington (1979) applied these ideas to d i f ­
fe ren tia tio n  in natural magmatic systems. The rationale for applying 
th is d i f fe re n t ia t io n  process to natural systems including the Emigrant 
Gulch complex must consider:
1) Presence of a well-documented hydrothermal phase coexisting 
with convecting magma.
2) Chemical enrichment trends between magmas formed in the roof 
zone of the magma chamber versus those formed at greater 
depth.
3) Failure of other d if fe re n t ia t io n  schemes such as crystal 
fractionation to explain textural and chemical features.
In natural systems, the Bishop Tuff has yielded the most convincing 
evidence for d i f fe re n tia t io n  by v o la t i le  diffusion (H ildreth , 1979).
Oxide and trace-element contents of magmas derived from higher in the 
chamber compared with those in magmas derived at depth proved to be 
c r i t ic a l  in supporting v o la t i le  diffusion in this rh y o lit ic  system. Chemistry 
and rock textures also discounted crystal fractionation , magma im- 
m is c ib i l i ty ,  and assimilation as other means of d i f fe re n t ia t io n . Hildreth  
(1981) expanded th is theory to suggest d iffe re n tia t io n  proceeds through 
v o la t i le  diffusion in volcanic rocks less s i l i c ic  than the Bishop Tuff.
Using the chemistry of several dacitic  and rhyodacitic systems, Hildreth
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concluded that oxide enrichment trends were sim ilar to those in the Bishop 
Tuff and would be promoted by v o la t i le  diffusion.
Oxide and trace-element trends of rocks in the late intrusive series 
in Emigrant Gulch para lle l element-enrichment trends in the Bishop Tuff 
(Fig. 20). These trends, as in the Bishop Tuff and other volcanic rocks, 
argue fo r  v o la t i l  e-phase transfer of s il ico n , rubidium, and other ' f e ls ic '  
elements into re la t iv e ly  fe ls ic  magmas in the roof zone of the magma 
chamber. Calcium, phosphorus, strontium, and other elements are less 
mobile and tend to remain behind in the vo latile-poor mafic magmas. The 
mafic magmas generally form deeper in the magma chamber, erupting or in ­
truding only a f te r  fe ls ic  material vents from higher in the chamber 
(Smith, 1979).
Although the Emigrant Gulch quartz monzonites display oxide and trace- 
element trends very s im ilar to the Bishop Tuff, some discrepencies appear. 
Similar trends support d i f fe re n tia t io n  via v o la t i le  diffusion in the 
quartz monzonite suite , whereas diverging trends i l lu s t ra te  problems of 
recognizing v o la t i le  diffusion in complex, intrusive systems:
1) Quartz monzonite rock textures and chemistry point to two 
d is tin c t periods of magma-chamber f i l l i n g ,  d if fe re n tia t io n ,  
and draining. These periods correspond to the early and 
la te  intrusive series in Emigrant Gulch. Trends shown on 
Figures 20 and 21 compare d if fe re n tia t io n  in the late  
in trusive series, to trends in the Bishop Tuff. The Bishop 
Tuff and other volcanic rocks presumably d iffe ren tia ted  and 
erupted in a single continuous episode.
Figure 20. Enrichment factors for 13 selected elements in the la te  intrusive series 
compared to those in the Bishop Tuff. For the late intrusive series, 
enrichment factors are element concentrations in quartz porphyry divided 
by concentrations in unerupted parent magma sim ilar in composition to 
early quartz monzonite. For the Bishop Tuff, enrichment factors are 
element concentrations in earliest-erupted rocks divided by concen­
trations in samples erupted la te r  in the sequence. In each case, rocks 
emplaced or erupted early in each sequence represent magmas generated 
in the top of the magma chambers, whereas la te r  rocks were presumably 
derived at greater depth, (modified from H ildreth , 1979).
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Figure 21. Enrichment factors for four selected element 
ratios in the la te  intrusive series compared 
to those in the Bishop Tuff. For the la te  
intrusive series, enrichment factors are the 
ratios of element concentrations in quartz 
porphyry divided by those in unerupted parent 
magma, presumed to be sim ilar in composition 
to early quartz monzonite. For example,
Mg/Fe increased from 0.41 to 0.66 between 
emplacement of quartz porphyry (0.41) and 
and so lid if ica tio n  of the hypothetical parent 
magma at depth (0 . 66).
For the Bishop Tuff, enrichment factors are 
the ratios of element concentrations in the 
earliest-erupted rocks divided by concen­
trations in samples erupted la te r  in the 
sequence. For example, K/Rb increased 
from about 235 to 450 during progressive 
tapping of the chamber.
(modified from Hildreth,  
1979).
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2) Contrasting magnitudes in enrichment factors in Figures 20 
and 21 possibly re f le c t  differences in parental magma 
composition between rh y o li t ic  and quartz monzonite systems.
3) Hydrothermal a lte ra tio n  distorted original compositional 
differences of magmas in Emigrant Gulch. This apparently 
did not occur in the Bishop Tuff.
The following discussion examines these points in d e ta i l .
Depletion of the magma chamber generating the quartz monzonites 
probably took place in sequential pulses. During derivation of the early  
series, presumably only lim ited v o la t i le  diffusion occurred. This f i r s t  
pulse of magmatic a c t iv i ty  culminated in intrusion of early quartz mon­
zonite and hornblende porphyry. Both magmas remained compositional ly  
sim ilar to the hypothesized parent magma. In this way the early in ­
trusive series is compositionally representative of the parental magma 
r e f i l l in g  the chamber and generating members of the la te  intrusive series.
Chemical trends on Figures 20 and 21 for the la te  series consider 
quartz porphyry as the e a r l ie s t ,  most fe ls ic  phase, and unerupted parent 
magma as the younger, mafic counterpart. Therefore, rocks sim ilar to early  
quartz monzonite should be found at depth in Emigrant Gulch, beneath 
members of the la te  in trusive series. Smith (1979) claimed that these 
re la t iv e ly  mafic magmas forming deeper in the chamber commonly lack suf­
f ic ie n t  vo la ti les  to drive eruption or emplacement to higher levels .
Even in the la te  series, magma chamber draining occurred in several 
stages, in contrast to the Bishop Tuff. Between each stage of intrusion
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v o la t i le  accumulation in the roof zone probably provided the driving  
force for the next in trusive pulse. This was discussed for quartz 
porphyry and plagioclase porphyry magmas, supported with evidence from 
phenocryst textures. In addition, v o la t i le  diffusion probably enriched 
plagioclase porphyry in s i l ic a  and other elements (Figs. 3 ,14). This 
suggests younger, re la t iv e ly  mafic magmas underwent renewed d iffe ren tia t ion  
and s i l ic a  enrichment as they in term itten tly  pushed roofward. Were i t  
not for the episodic nature of porphyry intrusion, renewed d iffe ren ­
t ia t io n  would not have taken place. These rocks then, retain composi­
tional and textural features of v o la t i le  diffusion at d if fe ren t levels of 
the same magma chamber. The Bishop Tuff and other volcanic rocks do not 
display these compositional and textural ir re g u la r it ie s  because eruption 
occurred in single, continuous events, not episodic pulses.
Figures 20 and 21 stress that directions of most element enrichment 
trends are the same for both the Bishop Tuff and Emigrant Gulch quartz 
monzonites. D iffering  magnitudes of these trends probably represent compo­
sit iona l differences in parent magma generating the rh y o lit ic  and quartz 
monzonitic systems. Members of the quartz monzonite suite d i f fe r  by no 
more than 1- 2.5 weight percent s i l ic a ,  whereas comparable phases of the 
Bishop Tuff vary by 2 .0 -2 .3  weight percent s i l ic a .  Less magnesium, iron, 
phosphorus, and titanium enrichment in Emigrant Gulch rocks may be a 
function of less s i l ic a  enrichment. Also rubidium/strontium is less en­
riched in the quartz monzonites although potassium/rubidium enrichment is 
greater than in the Bishop Tu ff. Again, a lte ra tio n  affects th is in te r ­
pretation.
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More drastic a lte ra tio n  probably diminished sodium and fluorine  
in the la te  in trusive series and produced enrichment trends opposite 
to those of the Bishop Tuff. These trends theoretica lly  would be in the 
same direction had quartz porphyry retained more original sodium.
F in a lly ,  Hildreth (1979) stressed the importance of convection in 
the magma chamber to enhance v o la t i l  e-phase transfer of chemical com­
ponents. Rates of chemical diffusion in a s ta tic  chamber, without mass 
transfer of magma are too slow to produce enrichment factors seen in 
s i l i c ic  rocks derived from roof-zone magmas.
Convection of Emigrant Gulch magmas cannot be d irec tly  demonstrated, 
although convection in gran itic  magmas is l ik e ly  with large thermal 
gradients and re la t iv e ly  low viscosity (Norton, 1978; Norton and Knight, 
1977; Shaw, 1974, 1965). Inferred temperature and viscosity ranges in 
Emigrant Gulch magmas f i t  these c r i te r ia .
Textural and chemical features of the Emigrant Gulch quartz monzonites 
also argue against fractional c ry s ta ll iza t io n :
1) Reverse zoning in plagioclase is uncommon, and restric ted  
to narrow osc illa to ry  zones in the early intrusive series 
(Fig. 6b).
2) Phenocryst mineralogy alone does not account fo r differences 
in s i l ic a  between rock types: s i l ic a  content of a l l  pheno-
crysts in quartz porphyry is 16.8 percent; to ta l s i l ic a  
from phenocrysts in early quartz monzonite is 25.5 percent.
This amounts to 8.8  percent difference in s i l ic a  between these 
rock types, where only 1.5 percent is actually  observed
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(Appendix 2- 2) .  S il ic a  variations must therefore depend 
on groundmass composition.
3) Crystal se tt l in g  rates give 10-100 meters maximum 
s e tt l in g  in 100,000 years, using Stoke's law, and 
viscosity of gran it ic  magma with four percent dissolved 
water (Appendix 3). The calculated cooling time of 
small quartz monzonite plutons such as the one depicted in 
Figure 13 (Whitney, 1975b) would be only about 10,000 
years. This cooling time would result in less than 10 
meters of se tt l in g  (Appendix 3).
Less than 10 meters of crystal se tt ling  is also consistent with the 
plagioclase zoning seen in Emigrant Gulch rocks. I f  crystal se tt lin g  had 
occurred to any appreciable extent, plagioclase would be expected to show 
prominent reverse zoning, with sodic cores and calcic rims. Crystals would 
sink to deeper levels of the chamber where hotter temperatures would cause 
calcic  plagioclase rims to form, as opposed to formation of sodic cores at 
higher, cooler levels. Such zoning is not seen in any Emigrant Gulch rocks 
Minor reverse zoning could, however, have occurred as plagioclase 
phenocrysts settled  less than 10 meters into s lig h t ly  more-mafic magma.
In th is vert ica l distance, magma would presumably become more s i l ic ic  
with time, as v o la t i le  diffusion progressed. Oscillatory zoning would 
result from minor calcic reversals amidst an overall trend towards 
more-sodic rims with time. In any case, crystal fraction fa i ls  to re­
solve variation in s i l ic a  content between members of the quartz monzonite 
suite .
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Evidence also is not available to support d iffe ren tia t io n  through 
l iq u id  im m iscib ility . Textures and outcrop features suggesting liquid  
im m iscib ility  in a lkaline laccoliths are to ta l ly  absent in Emigrant 
Gulch rocks. Quartz monzonite compositions display no s ign ificant gaps 
in s i l ic a  in the en tire  su ite , nor globules of one rock type in another. 
Such features might otherwise suggest im m iscibility  (Hyndman, unpub. 
manusc., 1982, p. 397). F ina lly , im m iscibility  in experimental alkaline  
systems occurs only with upwards of one mole percent titanium and three 
mole percent phosphorus (Freestone, 1978). Both these values greatly  
exceed observed quantities in Emigrant Gulch quartz monzonites.
Textural data argues against assimilation as an important d iffe ren ­
t ia t io n  mechanism. Inclusions in quartz monzonites are generally recog­
nizable Precambrian basement rocks and are invariably more mafic than 
the surrounding quartz monzonite. Inclusions commonly have fuzzy borders, 
but the composition of adjacent intrusive rocks does not appear sig­
n i f ic a n t ly  changed by the assimilated m aterial. Large-scale assimilation  
deep in the crust or upper mantle conceivably generated the original 
prim itive magma which produced the Emigrant Gulch complex, and perhaps 
volcanic rocks in the region. Massive assimilation well below the level 
of emplacement would have been extremely complex, and supportive data are 
scant.
In a l l  l ik l ih o o d . Emigrant Gulch quartz monzonites d iffe ren tia ted  
by v o la t i le  diffusion at shallow depth.
CHAPTER VI
HYDROTHERMAL HISTORY AND MINERALIZATION
The following discussion summarizes the history of m ineralization, 
a lte ra t io n ,  and brecciation in Emigrant Gulch. These events were dis­
cussed in the previous section, as hydrothermal a c t iv i ty  accompanied 
intrusion of rhyodacite porphyry, and the quartz monzonite suite.
Compositional c r i te r ia  given by Westra and others (1981) c lass ifies  
the Emigrant Gulch complex as a ca lc-a lkaline-type molybdenum deposit. 
These c r i te r ia  show the Emigrant Gulch system is more closely related to 
molybdenum deposits such as Boss Mountain, British  Columbia than to 
Climax-type deposits.
Review of Hydrothermal History
Hydrothermal a c t iv i ty  at Emigrant Gulch is summarized in Table 5.
Brecciation which is s p a tia lly  confined to rhyodacite porphyry and pre­
sumably predates quartz monzonite emplacement includes:
1 ) auto-brecciation caused by quartz flooding, with contorted 
or broken laminae,
2 ) a matrix-supported, p y rite -r ich  explosion breccia with 
rhyodacite rock fragments in d r i l l  hole Med-11,
3 ) brecciation from a dense network of coalescing base metal- 
su lfide veinlets in a breccia known as the Basic Metals
breccia (Pfau, 1981) and lo c a l i t ie s  to the east.
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Table4
Igneous/Structural 
A ctiv ity_______ Mineralization A lteration  & Brecciation
Hypabyssal intrusion of 
rhyodacite porphyry. 
Gradational into varie ties  
with s i l ic a  laminae.
Intrusion of small, stock­
lik e  bodies of early  
quartz monzonite.
Mafic border phase, pegma­
t i t e  and a p lite  containing 
molybdenite rosettes.
Minor chalcopyrite-pyrite  
molybdenum with quartz 
flooding in s i l ic a  laminae 
Later quartz sulfide stock- 
works (minor) cut s i l ic a  
laminae and auto-breccia. 
Possibly galena-sphalerite- 
chalcopyrite with la tes t  
brecciation event.
Very minor chalcopyrite- 
molybdeni te -pyrite -quartz  
ve in le ts . Chalcopyrite 
a f te r  b io t i te  common.
Auto-brecciation in rhyodacite 
from intense quartz flooding 
in s i l ic a  laminae.
Very localized p y rite -r ic h  ex­
plosion breccia with numerous 
rhyodacite fragments. Possible 
la te  brecciation due to coalescing 
base-metal sulfide ve in le ts .  
Moderate arg il l i e  and s e r ic i t ic  
a lte ra tio n  with quartz flooding 
in auto-breccia, and lo ca lly  in 
silica-lam inated zones. 
Q u artz -seric it ic  a ltera tion  in 
each of the la te r  brecciation  
events.
Minor potassic a lte ra tio n .
Extremely lim ited , intense 
s e r ic i t ic  a lte ra tio n  near in ­
trusion boundaries.
Widespread arg il l ie  weathering 
with preservation of primary 
b io t i te .
lO
Table 4 (Continued)
Igneous/Structural 
A ctiv ity_______ M ineralization A lteration & Brecciation
Hornblende porphyry dikes 
with mafic, ch illed  border 
phase
Quartz porphyry dikes and 
irregu lar intrusive masses 
Quartz porphyry variants 
grade into plagioclase 
porphyry.
Main period of brecciation 
(Allison breccia)
Late porphyry dikes intrude 
peripherally to e a r l ie r  
porphyry intrusions.
Minor, r ig h t - la te ra l  strike- 
s lip  fau lt ing .
Very minor su lfide veining. 
Chalcopyrite a f te r  b io t i te  
common.
Generally minor p y r ite -  
molybdeni te-chalcopyri te 
veining + quartz through 
intrusion of quartz 
porphyry and plagioclase- 
porphyry.
Some disseminated chal­
copyrite a f te r  b io t i te  in 
porphyry.
Main period of molybdenite- 
pyri te mineralization  
associated with quartz- 
gangue matrix in brecciated 
zones.
Disseminated chalcopyrite.
Generally minor a lte ra t io n ,  
but with lo ca lly  severe a rg il l i e  
to s e r ic i t ic  bleaching.
Probably from la te r  event.
Extreme a r g i l l i e  and s e r ic i t ic  
a lte ra tio n  with few fresh out­
crops.
Moderate-extreme arg il l i e  and 
s e r ic i t ic  a lte ra tio n  in quartz- 
porphyry variants.
Main period of brecciation  
(Allison breccia) producing north- 
south trending string of 8 
breccias.
Occurs prior to la te s t periods of 
plagioclase porphyry intrusion.
Pervasive, green-sericite  
a lte ra tio n .
VO
CO
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Minor molybdenite, chalcopyrite, and pyrite  are associated with 
the auto-breccia. Increased molybdenum mineralization at depth is 
considered un like ly , because areas of higher molybdenite concentrations 
at the surface and related to the auto-breccia are quite local and patchy. 
Areas of more intense auto-brecciation exhib it s i l ic i f ic a t io n  and moderate 
to pervasive arg il l i e  to s e r ic i t ic  a lte ra t io n . Sulfide mineralization  
does not always coincide with the areas of more intense a lte ra t io n .
Later brecciation in rhyodacite porphyry consists of coalescing 
quartz-su lfide veinlets which become dense enough to rotate fragments 
of host rock and entrain them for several centimeters. The Basic Metals 
breccia, ju s t  northwest of the northwest corner of the map area (Plate lb )  
and several other occurrences to the southeast record this event. Spatial 
res tr ic t io n  of these base-metal stockworks to the rhyodacite porphyry 
strongly suggests this hydrothermal event occurred prior to intrusion  
of the quartz monzonite suite. Concurrent copper-molybdenum mineralization  
possibly occurred at depth. Base metal m ineralization is also associated 
with qu artz -ser ic ite  a lte ra t io n .
Extremely lim ited potassic a lte ra tio n  occurs in orthoclase veinlets  
near the confluence of the east and south forks of Emigrant Creek 
(Plate lb ) .  This style of a lte ra tio n  was not observed in other intrusive  
rocks in Emigrant Gulch and probably took place before emplacement of 
the quartz monzonite suite.
Varying degrees of hydrothermal a c t iv i ty  accompanied both early and 
la te  in trusive series in the quartz monzonite su ite . The only brecciation
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observed in early  quartz monzonite was a small patch on the western 
boundary of the large stock, 100 meters north of the lower road (Plate la ) ,  
Chalcopyrite and molybdenite veinlets cut this brecciated patch, but 
m ineralization and hydrothermal a c t iv i ty  may have resulted from a la te r  
period of hydrothermal a c t iv i ty  related to the la te  Intrusive series. 
Disseminated chalcopyrite a f te r  b io t i te  Is common In the early Intrusive  
series. A lteration In the early quartz monzonite generally results from 
arg il 11c weathering rather than a hypogene source, and decreases In In ­
tensity  with depth.
The main period of brecciation and mineralization In Emigrant Gulch 
occurred a f te r  the bulk of quartz porphyry emplacement but before fina l 
Intrusion of plagioclase porphyry. Relationships In these rocks are ex­
plained above. Seven separate brecciated areas containing quartz porphyry 
fragments were noted (Plate lb ) .  The Allison breccia contains the la r ­
gest amount of v is ib le  molybdenum. These breccias form a north-trending 
zone centered on the Allison breccia. This trend possibly resulted from 
major structures at depth as Pfau (1981) noted s ign if ican t shearing In 
d r i l l  hole Med-11. However only a few minor, surface faults  can be 
documented, and lack of both demonstrable o ffset In porphyry dikes and 
abundant shearing In rhyodacite porphyry argues against existence of 
major fa u l t  zones In the study area. Common sllckensldes on porphyry 
dike margins record minor movement expected during consolidation and 
cooling. No pattern of m ineralization d ire c tly  Indicates fau lt-con­
t ro l le d  d is tr ibu tion  of hydrothermal f lu ids  or mineralization.
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Emplacement of a l l  the breccias along the north-south trend probably 
did not occur simultaneously. Depth of emplacement and dip of the zone 
of brecciation are unknown, although d r i l l  hole Med-1 bottomed below or 
adjacent to the Allison breccia without intersecting brecciated rock.
The Allison breccia and breccias to the north could pass downward into 
molybdenite stockworks which did not behave as explosively. Supporting 
th is is a section of d r i l l  core in Med-1 between 305 and 341 meters depth 
which displays wel1-developed quartz-molybdenite stockworks with core 
assays up to 0.44 percent molybdenum. This stockwork may represent a 
deeper or peripheral phase of the Allison breccia. In any case, the 
Allison breccia is located near the intrusive and mineralized center of 
the Emigrant Gulch complex, and in the most altered part of the system.
Later hydrothermal a c t iv i ty  produced l i t t l e  sulfide mineralization  
but la te  porphyry was pervasively altered to s e r ic ite ,  with some a rg i l ic  
a lte ra t io n .
Molybdenum mineralization at Emigrant Gulch can be described as a 
ca lc-a lka line -type deposit in terms of the c lass ifica tion  system given by 
Westra and others (1981). This system uses the chemistry of the intrusive  
rocks associated with mineralization to characterize the deposit. The 
ca lc -a lka line  nature of the quartz monzonite suite (Fig. 14) contrasts 
with intrusions in Climax-type molybdenum deposits, which commonly con­
ta in  more sodium and potassium. The Emigrant Gulch rocks also contain 
lower quantities of f luorine  and rubidium than are normally associated 
with Climax-type deposits. The morphology of the Emigrant Gulch deposit, 
though s t i l l  poorly defined, does not appear to form a cupola-shaped body
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such as at Climax, Colorado (White and others, 1981). Although both 
these systems originated from spatially-associated porphyry dikes, the 
Emigrant Gulch deposit is ir re g u la r , with much of the observable m inerali­
zation in the matrix of the Allison breccia. As explained above, more 
d r i l l in g  is needed to define the spatial and temporal relationship of 
th is  brecciation with molybdenite stockworks found at depth. The 
occurrence of molybdenum in the matrix of the Allison breccia, and the 
ca lc -a lka line  composition of intrusive rocks makes Emigrant Gulch similar  
to deposits such as Boss Mountain, B ritish  Columbia. Many of the other 
ca lc -a lka line  molybdenum deposits in the Canadian Cordillera also lack 
regular stockworks, with mineralization occurring as tabular sheets be­
tween coalescing dike swarms. The geometry of stockwork mineralization  
at Emigrant Gulch may prove to be sim ilar to these deposits such as 
K itsau lt , Bell Molybdenum, and British  Columbia Molybdenum (Soregaroli 
and Brown, 1976).
CHAPTER V II  
CONCLUSION
Textural and chemical data from Emigrant Gulch rocks were pre­
sented in th is study to propose a model for the c rys ta ll iza t io n  and 
d if fe re n tia t io n  of these quartz monzonite magmas. No single model can 
explain a l l  the complex, in terre la ted  features of this system, or any 
other porphyry system. The study showed however, that a cooling model 
by Whitney (1975b) can be combined with d iffe ren tia t io n  by v o la t i le  
diffusion to explain variations in rock texture and composition in the 
quartz monzonite su ite . In addition, these models account for the 
timing of hydrothermal a lte ra t io n , brecciation, and mineralization in 
the la te  in trusive series.
This approach was used to study the Emigrant Gulch rocks in order 
to c la r i fy  the origin of the porphyry system and i ts  relationship to 
m ineralization. These ideas may be applicable to other mineralized 
quartz monzonite systems where s im ilar rock textures and compositional 
trends are seen.
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X-ray analysis of potassium feldspar and groundmass minerals.
A) Potassium Feldspar
1) Method
Degree of t r i c l  in i c ity  and Or content of phenocrysts from 
rhyodacite porphyry and the quartz monzonite suite were determined 
using the methods o f Wright (1968). Wright and Stewart (1968) 
showed changes in unit cell parameters for a l l  potassium feldspar 
solid-solution series a ffec t the positions of 060, 294, and 291 
re flec tio n  peaks. 29 ranges of these peaks for CuKa radiation  
are shown fo r maximum microcline, orthoclase, and high sanidine 
series on Figure 22. Duplicate runs for each sample were made to 
check v a r ia b i l i ty  in the diffractometer. Late porphyry samples were 
extremely altered to hydrothermal clays and s e r ic ite ,  and were un­
suitable for analysis. Position of 291 peak reflections de­
termined Or content of each sample.
2) Results
Potassium feldspar from a l l  samples approached the structural 
state of orthoclase. Twenty values for 060 peaks f e l l  between 
4.66° and 41.72° and fo r 794 peaks values fe l l  between 50.65° and 
50.72°. Calculated 29 values for 701 peaks generally agreed with 
observed 7 oi peak positions with 0 . 1° ,  indicating normal monoclinic 
symmetry and non-anomalous cell dimensions. Appearance of 131 re­
flections near 29 = 29.8° also revealed the dominant monoclinic 
symmetry of each sample (see Wold, 1970, Fig. 7).
Potassium content of orthoclase from a ll  rock types covered a 
range of Org^ to Or^g, with most between Or^g and Or^g (Fig. 23).
Figure 22. Determination of structural state  
of potassium feldspars from 
Emigrant Gulch intrusive rocks. 
Position of 201 peak re flec tio n  
graphed against position of 060 
and 204 peak positions.
K E Y :
■  LATE PORPHYRY 
A PLAGIOCLASE PORPHYRY 
A  QUARTZ PORPHYRY
O HORNBLENDE PORPHYRY 
•  EARLY QUARTZ MONZONITE
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Figure 22. (CuK« r a d i a t i o n )
Figure 23. Potassium content of orthoclase 
based on position of the 201 
peak re flec tion .
(See Figure 22 for key.)
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All samples contained only one homogenous, potassic feldspar, 
without any cryptoperthitic  a lb ite  component. Documentation of 
orthoclase composition changes in the quartz monzonite suite is 
tenuous, due to v a r ia b i l i ty  in recorded peak values.
B) Groundmass Minerals
1) Method
X-ray analyses of thin slabs from rhyodacite porphyry and each 
member of the quartz monzonite suite allowed estimate of quartz and 
feldspar content of the groundmass in each sample. Slabs one to 
f iv e  millimeters thick were scanned from 45° to 7° 29 to look for  
variations in characteristic  quartz, plagioclase, and orthoclase 
peak re flec tion  patterns. Peaks commonly overlapped and the dis­
tr ib u tio n  of some diagnostic reflections was inferred. Bambauer 
and others (1967) described the method for plagioclase determination 
from 29^21 “ ^®241 " ^®241’ ^sed in th is study. Standard
curves correlating in tensity  of plagioclase 201, orthoclase 201, and 
quartz peaks with varying proportions of these minerals provided an 
estimate of the amount of quartz and feldspar present in the ground­
mass (J. Wehrenberg, unpub. data, 1982). B io t ite ,  hornblende, and 
accessory minerals were assumed to be less than f ive  percent of the 
groundmass, with quartz and feldspars normalized to 100 percent.
2) Results
Samples run from rhyodacite and a l l  quartz monzonites produced 
recognizable quartz, a lb ite -o lig oc lase , and orthoclase peak reflections
1 1 2
Peaks diagnostic of plagioclase composition when resolvable, 
consistently yielded values of An  ̂ to An^  ̂ a l l  samples, with 
no distinguishable trends. Overall appearance of plagioclase 
peaks was also intermediate between a lb ite  and oligoclase (An-jy) 
(Bambauer and others. Fig. 1, 1967). Figure 24 shows a typical 
X-ray pattern with diagnostic reflections labeled.
The degree of hydrothermal a lte ra tio n  in the groundmass seen 
in thin section does not correlate well to calculated quantities  
of plagioclase in the groundmass, as determined from X-ray in ­
te n s it ies .
Accuracy of the method is uncertain and r e l i a b i l i t y  depends 
prim arily  on four factors:
1) Accuracy of the standard curves
2) Assumption that a su ff ic ien t number of grains are 
randomly oriented to y ie ld  representative data
3} Key peaks are resolvable, with no superposition
4) Phenocryst minerals contribute no s ign if ican t reflections
V a r ia b i l i ty  in determined groundmass mineral quantities and discrepencies 
with other modal data resu lt from these factors, although resolution of 
these problems requires fu rther work.
Figure 24. Typical X-ray pattern for groundmass of early  
quartz monzonite. Diagnostic peaks labeled. 
20 angle also shown.
Q = quartz 
K = orthoclase 
P = plagioclase
p ISl
Plîl
zo
Figure 24.
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Appendix 2 shows mass-balance calculations comparing:
1) Calculated weight percent calcium from plagioclase pheno- 
crysts in d i ffe re n t rock types with to ta l observed calcium 
in each unit from whole-rock chemistry.
2) Calculated weight percent s i l ic a  from plagioclase, ortho­
clase, and quartz phenocrysts in d iffe ren t rock types with 
to ta l observed s i l ic a  in each unit from whole-rock chemistry.
Rock types were chosen from both early and la te  intrusive series of the 
quartz monzonite suite.
Conclusions:
1) The calcium content of plagioclase phenocrysts alone generally 
accounts for the to ta l observed quantity of calcium in each
// member of the su ite . In the early intrusive series, the small
amount of calcic-hornblende phenocrysts probably account for  
the remaining calcium in each rock. In the la te  intrusive  
series, some calcium leached during hydrothermal a ltera tio n  
may have decreased the calcium content below calculated  
values in each rock (Appendix 2 -1 ).
2) S i l ic a  contained in phenocryst minerals alone does not account 
fo r differences in s i l ic a  content between rock types. These 
differences must therefore consider groundmass s i l ic a  in 
addition to phenocryst s i l ic a  (Appendix 2 -2 ).
APPENDIX 2-1
General formula fo r  calculating weight percent CaO in plagioclase phenocrysts: cc = cubic centimeter
a)
cc plagioclase phenocrysts^ 1,OQcc rock
1.00 cc rock
modal % plagioclase 
phenocrysts
b)
moles plagioclase
phenocrysts______
1 gram rock
mass of 1.00 cc rock 1.00 cc plagioclase
mass of ICC plagioclase  ̂ 1 mole plagioclase ,  ^oles plagio-
clase pheno- 
crystsgrams plagioclase
rock density
X moles Ca
1 mole plagioclase
An content of 
plagioclase
plagioclase density 
at given An content
1 mole CaO
1 mole Ca
molecular weight 
of plagioclase
grams CaO 
1 mole CaO
molecular 
weight of Cao 
= 56.08
1 gram rock
= grams CaO 
1 gram rock
APPENDIX 2-1 (Continued)
Rock type Modal % plagioclase phenocrysts rock density plagioclase density
molecular
weight
Wt % 
CaO
Early quartz 
monzonite
28 (An,*) 2.651 2.660 265.99 1.42
Hornblende
porphyry
Quartz
porphyry
Late
porphyty
20 (An^^) 2.653
(a t 23% phenocrysts
19 (Angg) 2.691
18 (An^a) 2.645
2.674
2.663
2.674
267.67 1.44
1.65)
266.39 1.03
268.69 1.29
00
Rock Type
APPENDIX 2-1, (Continued)
Calculated wt % CaO
from plagioclase phenocrysts
Average
observed wt %*
Early
quartz
monzonite 1.42 1.57
hornblende 1.44 1.79
porphyry (1.65)
quartz
porphyry 1.03 .91
la te
porphyry 1.29 1.21
*See Figure 17.
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Appendix 2-2
General formula for calculating SiO^ content from plagioclase, orthoclase, 
and quartz phenocrysts analogous to formula shown 2- 1.
Model % plagio- Model % ortho- Model of % Quartz Wt %
Rock type clase phenocrysts clase phenocrysts phenocrysts SiO«
early
quartz
monzonite
28 5 5 25.62
hornblende
porphyry 20 (An24) 1 3 13.65
quartz
porphyry 19 (An26) 2 4 16.79
la te
porphyry 18 (An^^) 1 2 13.56
Calculated ASiOg from phenocrysts:
early quartz monzonite = 11.97 wt %
-  hornblende porphyry
quartz porphyry = 3.23 wt %
-  la te  porphyry
early  quartz monzonite = 8.8 wt %
- quartz porphyry
average observed ASiOp 
between rock types*
1.40 wt %
1.10 wt %
-1 .50 wt %
*See Figure 17.
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Calculated Stoke's Law se tt lin g  times for plagioclase phenocrysts in 
Emigrant Gulch magmas.
Total se tt l in g  distance (d) = 2 gĈ  (a p) T^ (Shaw, 1965)
g = 980 centimeters*second I  = to ta l se ttling  times
C = crystal growth rate (centimeters* year"^)
o
Ap = c ry s ta l- l iq u id  density contrast (grams*centimeters' )
= viscosity (poises)
For Emigrant Gulch quartz monzonites:
_ o
1) assume average rock density of 2.66 grams*centimeter' 
(Appendix 2 -1 ) .
_o
2) Assume average magma density of 2.37 grams*centimeter' 
(Hyndman, unpub. manusc., 1982, p. 139).
3) Assume average plagioclase density of 2.67 grams*centimeter 
(Appendix 2 -1 ) .
4) Ap for plagioclase liqu id :
2.67 -  (0 .9 )(0 .6 6 )  = 0.276 grams-centimeter'^
5) Assume reasonable viscosity range of log^ = 7.8 - 9.8 poises 
fo r  quartz monzonite magma at 1-5 percent dissolved water 
(Carmichael, 1974, Figure 4-6; Shaw, 1965).
For d = 100 meters to ta l se tt l in g  distance:
C (centimeterS'Vear'T) logn(poises) (years)
lO'G 7.8 10®
10'7 8.8  10®
lO'G 9.8 10^
-3
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For d = 10 meters to ta l s e tt l in g  distance:
C (centimeters-vear~ log (poises) T (years 1
lO'S 7.8 10 ^
3 X lO'S 8.8  10 4
lO'S 8.7 2 X 10 4
lO'G 8.8 10 ^
Conclusions:
1) Total se tt lin g  distances of 100 meters give se ttlin g  times
5 7of 10 - 10 years. These times are unreasonably long
according to theoretical cooling times given by Whitney 
(1975b) fo r a small quartz monzonite pluton.
2) Total se tt l in g  distances of 10meters give se ttl in g  times 
of 10  ̂ -  10  ̂ years. These times agree with those lis ted  
by Whitney (1975b) in the theoretical model.
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Appendix 4 - l a .  Rhyodacite porphyry and re la t ed  breccias
M inera l  S i z e  C r y s t a l  1i ni t y  Shape A n g u l a r i t y  D i s t r i b u t i o n
Di agnosti  c
Features I n c l usions
A l t e r a t i o n  
Mi n e r a l s Comments
p i a g i o -  
c l a se
(An
p ot as ­
sium
f e l d s ­
par
1-4mm,
2 -3mm 
avg.
2 4 - 28/
1-7mm, 
1 -2mm 
avg.  
few 
> 6mm
s ub he d ra l -
anhedral
s u b h e d r a l , 
sma l1er  
g r a i  ns 
anhedral
e qu a nt -
e l o n g a t e ,
and
i r r e g u l a r
subrounded-  
subangul ar
f a i r l y  h i a t i a l  
and i n  ground­
mass
e qu ant -
e l o n g a t e
s ub a ng ul a r ,
some
rounded
borders
g e n e r a l l y  
h i a t i a l , 
and in 
ground­
mass
*An d e t e r m i n a t i o n  by b i s e c t r i x  method 
o f  T r o ge r  (19 79 )
g lo me r o p o r p h y r i -  
t i c ,  commonly 
w i t h  potassium 
f e l d s p a r  and 
b i o t i t e ;  a l -  
b i t e  t wi nni ng  
common, poor  
p e r i c l i n e ,
C a r l s b a d - s y n -  
nuesis t y p e-  
t w i n s ;  l i t t l e  
zo ni ng ;  minor un-  
d u l a t o r y  e x t i n c ­
t i o n
2 V : 3 5 ° - 4 5 °  
Carlsbad t w i n ­
ning common
a p a t i t e ,  
p i a g i o -  
cl ase
moderate-  
p e r v a s i v e  
l o w - b r i e f  
c l a y s ,  
mi nor  s e r i -  
c i t e ,  e p i -  
d o t e ,  c a r ­
bonate
a p a t i  t e , 
pi a g i o -  
c l a s e ,  
b i o t i t e ?
v e r y  mi nor -  
moderate  
l ow- 6  c l a y s ,  
s e r i c i  t e
as p r i ­
mary phases ; 
a l s o  p o l y ­
c r y s t a l  l i n e -  
q u a r t z  ag­
gregat es  
f i l l i n g  holes  
and as r e ­
placements
commonly a l i g n e d  sub­
p a r a l l e l  t o  q u a r t z -  
r i c h  f low l aminae  
where not  b r e c c i a t e d ;  
some rimming and 
c u t t i n g  potassium  
f e l d s p a r
s i i g h t l y - m o d e r a t e l y  
embayed; some i r ­
r e g u l a r l y  rimmed by 
p l a g ;  some rims r e ­
placed by m i c r o c r y s -  
t a l i n e ,  anhedral  
groundmass ( q u a r t z -  
r i c h ) ;  most abundant  
phenocryst  phase;  
broken and w i t h  un-  
dulose e x t i n c t i o n  in  
auto b re c c i a  ; cut  by 
s i l i c a - r i c h  f l ow  
banding;  p o l y c r y s t a l l i n e  
q u a r t z - s e g r e g a t i o n s  
surroundi ng g ra i ns
roin
Appendix 4 j a .  (Continued)
Mi ne ra l  S i ze  C r y s t a l  1 i ni t y  Shape A n g u l a r i t y  D i s t r i b u t i o n
Diagnost ic
Features Inclusions
A1 t e r a t i o n  
M i n e r a l s Comments
q u a r t z  no phenocrysts observed
b i o t i t e  l -5mm,  
1mm 
avg.  ?
subhedral subequant -  subangul ar
e l o n g a t e ,
i r r e g u l a r
c l o t s
ground­
mass
g e n e r a l l y  
anhedral  , 
some sub­
hedral  
g ra i  n
boundar ies
equant  
sub equ ant , 
few e l o n ­
gate  
g r a i ns
subrounded
i n ground­
mass, and 
pro ba bl y  
a ls o as 
a r e c r y s t a -  
l i z e d  phase
h i a t i a l , f ragments p e r v a s i v e
and o r i g i n ­ a p a t i t e ,
a l l y  in s e r i c i  t e ,
groundmass l ow- bi  r e f .  
c l a y s ,  ch-  
l o r i  t e , 
opaque-  
i r o n  oxides  
sphere?,  
qua r t z ?
r e g u l a r  to q u a r t z ,  po­ per v as iv e
l o c a l l y tassi um f e l d s ­ 1ow-bi  r e f .
i r r e g u l a r par g e n e r a l l y c l ays  in
and i d e n t i  f i a b l  e ; some
s e r i a t e p l a g i o c l a s e ,  
b i o t i t e  i d e n t i ­
f i a b l e  i n  some 
samples
samples
a n h e d r a l , e q u i g r a n u -  
1a r  to s e r i a t e -  
p o l y c r y s t a l l i n e  g r a i ns  
i n groundmass, l i t h i c  
f ra gm e nt s ,  f e l d s p a r -  
b or de r  r e p l a c e m e n t s ,  
f l ow  laminae (<_2mm), 
and o t h e r  s e g r eg at io n s
commonly surrounded by 
or  p a r t i a l l y  rimming 
glomer opor phyr i  t  i c 
f e l d s p a r s
repl acement  along i r -  
r e g u l a r  g r a i nb or d er s  
i n d i c a t i v e  o f  d e v i t r i ­
f i c a t i o n  from o r i g i n a l  
glass? ; c o ar s er  seg­
r e g a t i o n s  and v e i n l e t s  
o f  q u a r t z - r i c h  ma­
t e r i a l  g r a d a t i o n a l  i n t o  
f i n e r  groundmass,  
may r e p l a c e  and cut  
potassi  um- fe ld sp ar  
phenocryst s;  p y r i t e  com­
monly a s soc ia te d w i t h  
q u a r t z - r i c h  zones
ro
CTi
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Mi neral Si ze  C r y s t a l ! i n i t y  Shape A n g u l a r i t y Di s t r i  b ut i on
Di a g n os t i  c 
Fea tur es I n c l u s i o n s
A1 t e r a t i o n  
M i n e r a l s Comments
l i t h i c  
f  rag-  
ments
1-lOmm? e q u a n t -
i r r e g u l a r
subangul ar s e r i a t e groundmass 
o f  f r a g ­
ments i d e n ­
t i c a l  to 
groundmass 
o f  non-  
b r e c c i a t e d  
samples
a l l  p r i ­
mary mi ne ra l  
phases 
d e s cr i b ed  
above
b r e c c i a  m a t r i x  mag­
n e t i c  and i d e n t i c a l  
to groundmass o f  
l i t h i c  f ragments  
and n o n - b r e c c i a t e d  
samples
ro
Appendix 4 - lb .  Ear ly quartz monzoni t_e_
Mi nera l  S i z e Cr y s t a l  1 i ni t y  Shape A n g u l a r i t y  D i s t r i b u t i o n
Diagnost ic
Features. Inclusions A l t e r a t i o n Comments
p l a g i e -  l - 6 mni, s u b he d ra l -  subequant -  subrounded-  s e r i a t e ,  and
c l ase  3 mm avg.  euhedral  e l o n g a t e  s ubangul ar  in  ground-
(*"21-30) mass
minor  normal  
to s l i g h t l y  
o s c i l l a  t o r y  
z oni ng ;  a l -  
b i t e  t w i n -  
ning common 
wi th mi nor  
p er i  cl  1 n e , 
Car l sbad  
t w i n n i n g ;  
g lomer opor ­
phyr i  t i  c
pi a g i o c l a s e , 
a l t e r e d  
b i o t i  t e , 
a p a t i  t e ,  
q u a r tz ?
v e r y  minor  
to moderate  
l o w - b r i e f , 
c l a ys  and 
minor s e r i ­
ci  t e ;  
epi  dote
minor embayn:ent; 
sut ured subangul ar  
borders from r e ­
placement  by ground­
mass common; some 
g r a i n s  grown t o ­
g e t h e r  w i t h  b i o t i  te ; 
normal An-range in  
b or de r  phase
pot as- 1-5mm, subhedra1 - equ ant -  subangul ar s e r i a t e ,  o r Carlsbad p l a g i o c l a s e . v ery  minor no phenocrysts in
s i urn 2 mm anhedral  , e l o n g a t e . h i a t i a l  and t w i n n i n g ,  com­ b i o t i t e . l ow -b i  r e f . border  phase;  abundant
f e l d s ­ avg.  , few eu­ commonly <1 . 5mm, and monly em­ a p a t i  te c l ays  and repl acement  o f  rims
par few hedral i r r e g u l a r in ground­ bayed; 2V: s er i  ci  te by i nd i  v i d u a l , an­
comp? mega- 
c r y s t s  
> 1 2 mm
megacrysts mass 3 5 ° - 4 0 °
( - )
hedral  - m i c r o c r y s t a l  1 i ne 
groundmass g r a i n s ;  
r i m rep l acement  pro-
ducing i n c i p i e n t  
gra no ph yr i c  t e x t u r e ;  
replacen'.ent producing  
i n c i p i e n t  granophyr i c  
t e x t u r e ;  repl acement  
by l a r g e r  b i o t i  te 
and p l a g i o c l a s e  
c r y s t a l s
ro
00
Appendix 4 - l b .  (Continued
Mineral  Size C r y s t a l  1 i n i  t y  Shape A n g u l a r i t y  D i s t r i b u t i o n
Diagnost ic
Fea tures Inclusions A l te r a t i o n Comments
q u a r t z 1-5mm, 
1.  5mm 
avg.
subhedral -
anhedral
b i o t i t e  l - 3 mm, 
1mm 
avg.
subhedra1
e qua nt -  
e l o n g a t e , 
commonly 
sub­
equant or  
i r r e g u l a r
subequant-
e l o n ga t e
subrounded-
a n g u l a r
g e n e r a l l y  
h i a t i a l  1 - 2 mm, 
and in  
groundmass
subangul ar-  
a n g ul a r
h i a t i a l , ^  1 . 5 mm, 
and in  ground­
mass
o n l y  minor  em- 
bayment;  some 
s e p a r a t e  g r a i n s  
i n  o p t i c a l  
c o n t i n u i  t y
p leochr oi sm;
X ' = 1 i g h t - y e l l o w  
t an
z ‘ =brown
v e ry  few 
p i a g i o -  
c l a s e  and 
p ot ass i  urn 
f e l d s p a r  
i n c l u s i o n s
a p a t i t e ,  g e n e r a l l y
opaque- mi nor  to
i r o n  o x i d e s ,  s e r i c i t e .
mi nor
r u t i l e ,  a l l  
f rom a l t e r ­
a t i o n
l ow- bi  r e f .  
c l a y s , 
a p a t i t e ,  
opaque-  
i r o n  o x i d e s , 
r u t i l e ,  ch­
l o r i t e ,
1 i m o n i t e ,  
e pi dot e?
common s u t u r e d - s u b -  
a n g u l a r  rims from 
repl acement  by po-  
t a s s i u m - f e l d s p a r  
r i c h  groundmass; 
rep l acement  p r o ­
ducing i n c i p i e n t  
g ra no ph y r i c  t e x t u r e ;  
few phenocrysts i n  
bor der  phase
some s l i g h t l y - b e n t  
g r a i n s ;  commonly grown 
t o g e t h e r  wi t h  p i a g i o -  
c l a s e ;  l a r g e r  g r a i ns  
may r e p l a c e  potassium  
f e l d s p a r ,  and p l a g i o ­
c l a s e ? ;  abundant  
a p a t i t e  a f t e r  b i o t i t e
roCO
Appendix 4 - l b .  (ConLinueJ)
Mi neral  Si ze C r y s t a l  1 i n i  t y  Shape A n g u l a r i t y  D i s t r i b u t i o n
Diagnost ic
Features Inclusions A l t e r a t i o n Comments
horn­
blende
1 - 3mm,
1mm
avg.
s ub he dr a l -  e qu ant -  s ubangul ar  h i a t i a l
anhedral  i r r e g u l a r
f ragments
acces­
sory  
min­
e r a l  s
a p a t i t e ,  r u t i l e ,  p y r i t e ,  c h a i c o p y r i t e , o pa q u e - i r o n  o x i d e s ,  l i m n i t e ,  e p i d o t e ? ,  z i r c o n
f i n e - gr a i ne d  
b i o t i  t e ,  
and r e l a t e d  
rep l acement  
m i n e r a l s  
a f t e r  b i o ­
t i t e ;  p e r ­
v a s iv e
remnants w i t h  no 
o r i g i n a l  g r a i n s  
p re se rv ed
gound-
mass
a n h e d r a l , 
minor sub­
hedral  
g ra i  n-  
boundari  es
e qua nt -
subequant
rounded g e n e r a l l y
somewhat
s e r i a t e
v e r y - f i n e  
m i c r o - c r y s t a l  ■ 
l i n e  t o  n e ar -  
phenocryst  
si  ze
ve ry  minor  
l ow -b i  r e f .  
c l a ys  from 
f e l d s p a r s  ; 
v ery  minor  
b i o t i t e  a l ­
t e r a t i o n
abundant  q u a r t z -  
f e l d s p a r  r e p l a c e ­
ment;  a l l  above 
mi nera l  phases e x ­
cept  hornblende  
g e n e r a l l y  p r e s e n t ;  
i n c i p i e n t  grano-  
p h y r i t i c  t e x t u r e
CO
o
Appendix 4 - l c .  Hornblende porphyry
M i ne ra l  S iz e  C r y s t a l  1i n i t y  Shape A n g u l a r i t y  D i s t r i b u t i o n
Diagnosti  c
Features Inclusions A l t e r a t i o n Comments
p l a g i o ­
c l a se
(^"28-36
1 -  6 mm 
2 - 3mm 
avg.  
few
pheno­
c r ys t s  
 ̂ 1 0 mm
subhedral
euhedral
po­ 1 -5mm subhed
t as s i  urn 1mm minor i
f e l d s ­ avg.  ; hedral
par few and an
mega­ hedral
c r y s t s
> 1 1mm
g r a i n s
eu-
subequant -  
e l o n g a t e ,  
mi nor  
quant  
g r a i n s
subequant-  
e l o n g a t e ;  
some 
equant  
g r a i ns
subrounded-  
r ou nd ed , 
some sub­
a n g ul a r  
boundar ies
rounded,
some
sub angul ar  
boundari  es
g e n e r a l l y  
h i a t i a l , and 
i n  ground­
mass
g e n e r a l l y  
h i a t i a l  
(< 1 mm 
i n  ground 
mass
and
normal zoning  
( 4 An m ax i ­
mum); common 
a l b i t e ,  C a r l s ­
bad t w i n n i n g ,  
p e r i c l i  ne 
t w i n n i n g  less  
d i s t i n c t ;  
r a p a k i v i  rims 
on potassium 
f e l d s p a r ;  
glome rop or ­
p hy r i  t i c
2 V : 3 5 ° - 4 0 °  ( - ) ;  
r a p a k i v i  rims 
o f  p l a g i o c l a s e
p l a g i o c l a s e ,  m i n o r - p e r -  
a l b i t e ,  b i o -  v a s i v e  low-  
t i t e ,  q ua r t z ?  b i r e f .  c l a y s ,  
as p r i ma r y  minor-mod-  
i n c l usions e r a t e  s e r i ­
ci  t e ;  minor  
carbonate
b i o t i t e ,  
q u a r t z ,  
pi a g i o c l a s e  
a p a t i t e  as 
pr ima r y  i n ­
c l u s i o ns  ; 
compi ex 
q u a r t z -  
p l a g i o c l a s e  
r e p l a c e -  
ments
v e ry  minor  
l ow- bi  r e f .  
cl ays
s u t u r e d - s u b a n g u l a r  
borders commonly r e ­
placed by a n h e d r a l - 
m i c r y c r y s t a l 1 i ne 
groundmass ( q u a r t z -  
r i c h ) ;  mi nor  r i m ­
ming by p he no c ry s t -  
s i z e ,  a n h e d r a l -  
potassium f e l d s p a r ;  
some r a p a k i v i - t y p e  
aggregates l a c k i n g  
p o t a s s i u m - f e l d s p a r  
cor es ;  g r a n o p h y r i c -  
groundmass common 
near g r a i n  borders
some samples c o n t a i n  
no phenocrysts or  ' 
mega cry sts ,  v ery  i r ­
r e g u l a r  d i s t r i b u t i o n  
o f  1 a r g e r  g r a i n s  ; 
r a p a k i v i  cores very  
i r r e g u l a r  and r a g ­
ged; minor s ut u r e d -  
subangular  borders  
from replacement  by 
anhe dr al -mi  c r o -  
c r y s t a l l i n e  ground­
mass
CO
Appendix 4 - l c .  (Continued
Mi ne ra l Si ze C r y s t a l  1 i n i  t y Shape A n gu l ar i  ty D i s t r i  b ut i  on
Di agn os t i  c 
Feat ur es I n c l u s i o n s A l t e r a t i o n Comments
q u a rt z l-4inm,
1mm
avg.
s u b he d ra l -  
anhedral
equant -  
e l o n g a t e ,  
g e n e r a l l y  
i r r e g u l a r
rounded, 
come sub­
a ng ul a r  
boundar ies
h i a t i a l ,  few 
phenocrysts  
> 1 . 5 mm, and 
in ground­
mass
v e ry  embayed a p a t i t e ,  
v e r y  minor  
p l a g i o c l a s e  
and b i o t i t e  
( p r i m a r y ? ) ;  
some d e ­
f i n i t e l y  
a f t e r  
q u a r t z
s u t u r e d - s u b a n g u l a r  
r ims r e p l a c e d  by an­
h edra l  -mi c r o c r y s t a l -  
l i n e  groundmass 
( p l a g i o c l a s e - r i c h )  
on o th e r w i s e  rounded 
g r a i n s ;  b i o t i t e  and 
p l a g i o c l a s e  f i l l  
embayed holes
b i o ­
t i  te
1 - 3mm,
2 mm
avg.
subhedral subsequent -  
i r r e g u l a r
s u b a ng ul a r ,
a n g ul a r
t e r m i n a t i o n s
common
s e r i  ci  t e ;  
and in  
ground­
mass
p l e o c h r o i  sm;
X ' = 1 i g h t -  
y e l  low t an  
z ' = 1 i g h t -  
r e d di s h  brown 
t o dar k brown
a p a t i  t e , 
r u t i 1 e 
f rom a l ­
t e r a t i o n
g e n e r a l l y  
mi nor  ch­
l o r i t e ,  
a p a t i  t e , 
opaque-  
i ron
f i n e  g ra i ne d  and 
i r r e g u l a r  when r e ­
p l a c i n g  hornblende
o x i d e s , 
r u t i l e ;  v ery  
minor s e r i ­
ci  t e ;  po­
t a s s i  um- 
f e l d s p a r  
q ua rt z?  
some more-  
p er v as iv e  
a l t e r a t i o n
OJ
ro
Appendix 4_ iç .  (Continued'
M i ne ra l  S i z e  C r y s t a l  1 i n i t y  Shape A n g u l a r i t y  D i s t r i b u t i o n
Diagnosti  c
Features Inclusions A l t e r a t i o n Comments
horn-  l-3min subhedra 1-
blende 2 mm anhedral
avg
subequant -  s ubangul ar  s e r i a t e  
e l o n g a t e ;  
i r r e g u l a r  
c l o t s
f r a g m e n t s , 
a l s o  commonly 
p r i  smat ic
p l a g i o c l a s e ,  p e r v a s i v e -  
p ot ass i  urn f e a t h e r y
f e l d s p a r ,  
q u a r t z  
v i a  a l t e r ­
a t i o n
b i o t i t e  and 
r e l a t e d  a l ­
t e r a t i o n  
p roduct s
accessory
m i n e r a l s :  a p a t i t e ,  r u t i l e ,  sphene,  c a r b o n a t e ,  o p a qu e - i ro n  o x i d e s ,  1 i m o n i t e ,  p y r i t e
ground­
mass
anhedral  
w i t h  sub­
hedral  
boundari  es 
common
subequant  
w i t h  e l o n ­
gate  
p l a g i o ­
c l a s e  
common
rounded-
sub-
a ng ul a r
r e g u l a r  and 
e qu i gr a nu -  
l a r  to 
commonly 
s e r i  t i  te  
wi th  
l a r g e r  
pi a g i o ­
c l a s e  and 
q u a r t z
f i  n e - m i c r o -  
c r y s t a l 1 i ne 
to  nea r -  
phenocryst
s i z e
remnants w i t h  no 
o r i g i n a l  g r a i ns  
preserved
a p p a r e n t l y  abundant  
r e pl ace me nt ;  a l l  
above phases except  
hornblende p r e s e n t ;  
q u a r t z - p o t a s s i  urn 
f e l d s p a r  i n t e r ­
growths common, w i t h  
g ra no ph yr i c  t e x t u r e
CO
CO
Appendix 4 - Id.  Quartz porphyry
Mineral  Size Crystal  1i n i ty Shape
po-  
t a s s -  
i urn 
f e l d s ­
par  
comp?
q u a r t z
A n g u l a r i t y  D i s t r i b u t i o n
Diagnost ic
Features Inc lus i  ons
A l t e r a t i o n
Mi nerals Comments
p l a g i o -  2 - 5mm, 
c l ase
s u b h e d r a l , 
3 - 4mm l ess com-
avg.  monly eu­
hedra l
1 - 1 2 mm
2 - 3mm 
avg
2 -5mm 
2-3nim 
avg.
subhedral '
anhedral
subhedral
subequant -
e l on g a t e
subrounded-  
s ubangul ar
subequant ,  subrounded-  
minor el  on- subangul ar  
g at e mega­
c r y s t s
subequant -  rounded-  
e l o n g a t e ,  subangul ar
s e r i c i t e ,  and 
i n  groundmass
s e r i ci  t e ,  but  
few megacrysts  
> 5mm, and in  
groundmass
s e r i a t e ,  but  
few phenos 
< 1  mm, and i n  
groundmass
a l b i t e ,  p er i  
d i n e ,  C a r l s ­
bad t w i n n i n g ,  
a l b i t e  domi­
nant ;  glomero-  
p o r p h y r i t i c ;  
minor  zoni ng
Car l sbad t w i n ­
ning;  2 V : 3 5 ° -  
4 0°  ( - )
e x t r em el y
embayed
b i o t i t e ,  
v e r y  minor  
q u a r t z , 
a p a t i  te
moderate low- 
bi r e f .  c l a ys  
and moderate-  
s evere s e r i ­
ci  t e ;  minor  
ca rb on at e
b i o t i t e ,  mi nor  s e r i c i t e
p l a g i o c l a s e ,  and l ow -b i  r e f . 
minor c l a y s ;  c a r -
q u a r t z ,  a p-  bonate  
a t i t e ;  some 
may f i l l  
embayments
b i o t i t e ,  
p l a g i o c l a s e ,  
most f i l ­
l i n g  holes  
and embay­
ments , 
some p r i ­
mary b i o ­
t i t e  , 
a p a t i t e
most b i o t i t e ,  
a p a t i t e ,  i n c l u s i o n s  
p r oba bl y  p r i m a r y ,  
o t h e rs  p o s s i b l y  
f i l l i n g  holes and 
embayments; mi nor  
sut ured boundar ies  
r e p l a ce d  by ground­
mass .
s u t u r e d ,  i r r e g u l a r  
boundar ies r e ­
placed by ground­
mass common, some 
embayment; some 
i r r e g u l a r ,  d is c on -  
t i n u o u s - p l a g i o c l a s e  
r i ms ;  megacrysts  
i r r e g u l a r l y  di  s-  
t r i b u t e d .
e x t r e m e l y  embayed 
w i t h  s epa rat e  g ra i ns  
commonly in  o p t i c a l  
c o n t i n u i t y ;  minor  
s u t u r i n g  o f  sub-  
a n g u l a r - g r a i  n 
b o r de r s ,  and r e ­
placement by 
groundmass
O J-PS*
Appendix 4 - Id.  (Continued)
Mi ne ra l  S i z e  C r y s t a l  1 i n i  ty  Shape A n g u l a r i t y  D i s t r i b u t i o n
Diagnost ic
Features Inclusions
A l t e r a t i o n
Minerals Comments
b i o ­
t i  te
subhedral e qu a nt -  sub ang ul ar -  
e l o n g a t e ,  subrounded 
g e n e r a l l y  
subequant
s e r i a t e ,  and 
i n  ground­
mass
horn­
blende
s ub he d ra l -  
anhedral
equant  to  
i r r e g u l a r  
c l o t s
a c ce ss o r i e s :  a p a t i t e ,  r u t i l e ,  z i r c o n ,
ground­
mass
anhedral  
v;i th  
mi nor  
subhedral  
g r a i  n-  
boundar ies
e qua nt -
subequant
p y r i t e ,  o p a qu e - i ro n  o x i d e s ,  1 i mo ni t e  
rounded
p i e o c h r o i  sm:
X ' = 1 i g h t -  
p i n k i s h  tan  
z ' =orange-  
brown; r u t i l e  
repl acement s  
i n  hexagonal  
form
i r r e g u l a r  c l o t s  
of  f i n e - g r a i n e d  
b i o t i t e  and 
a l t e r a t i o n  
m i n e r a l s
common r e p l a c e ­
ment o f  f e l d s ­
pars by q u a r t z ,  
and v i c e - v e r s a ;  
i n c i p i e n t  grano-  
p h y r i t i c  t e x t u r e
r u t i l e ,  
a p a t i  t e ,  
opaque 
i ron-
o x i d e ,  he­
m a t i t e  r e ­
placements ; 
p o s s i b l y  
p r i ma r y  
p i a g i o c l a s e
r u t i l e ,  c h l o r ­
i t e ,  a p a t i t e  
opaque,  i r o n  
o x i d e s ,  he­
m a t i t e ,  s e r i ­
c i  t e ,  minor  
lov^-bi r e f . 
c l a y s ,  p e r ­
v a s i v e
commonly pseudo-  
morphic a f t e r  hor n­
b le nde ;  p r i ma r y  
g r a i n s  m o d er a te l y  
embayed w i t h  some 
i r r e g u l a r - r a g g e d  
e d g e s .
b i o t i t e  and r e ­
l a t e d  b i o t i t e ­
al  t e r a t i o n  
p r o du ct s ,  p e r v as i ve
a l t e r a t i o n
uncommon
abundant a p a t i t e ;  
a l l  above m i n e r a l s  
p r e s e n t .
O J
on
Appendix 4 - 1e. Plagioclase porphyry
M i ne ra l  S i z e  C r y s t a l  1 i n i  ty Shape A n g u l a r i t y  D i s t r i b u t i o n
Di agnosti  c
Features Inclusions A l te r a t i o n Comments
p i a g i o ­
c l a s e
(Anjo)
1 - 1 1mm, s ub h e d r a l -
2 - 3 mm anhedral  
avg.
po­
t as s i  urn 
f e l d s ­
par
l - 2 mm, s ub h e d r a l - 
few anhedral  
mega­
c r y s t s  
( < l 6 n;m)
subequant -  
e l o n g a t e , 
commonly 
1 r r e g u l a r
subrounded-
s ubangul ar
g e n e r a l l y  
subequant;  
l a r g e r  mega­
c r y s t s  
e l on g a t e
v e ry  s e r i a t e  
( < 1 1  mm) to 
v e ry  h i a t i a l  
w i t h  few 
g r a i n s  >2 inm, 
and in  
groundmass
subrounded-
subangul ar
e x t r e m e l y  
h i a t i a l  , 
l a r g e r  mega­
c r y s t s  r a r e ,  
and i n ground­
mass
a l b i t e ,  p c r i -  
c l i n e ,  C a r l s ­
bad t w i n n i n g ;  
v ery- mi  nor  
zoni ng ;  glomero-  
p o r p h y r i t i c ;  a l ­
t e r a t i o n  s t y l e
2 V ; 3 5 ° - 4 0 “ ;l-
Car l sbad
t wins
b i o t i t e ,  
p l a g i o ­
c l a s e ,  
q u a r t z  
as p r i ­
mary i n ­
c l u s i o n s
moderate-  
p e r v a s i v e  low- 
bi r e f .  c l a ys  
and s e r i c i t e ;  
p o l y c r y s t a l -  
l i n e  q ua r t z ?
v e ry  minor  
l o w - b i  r e f .  
c l a y s
some i n t e r g r o w n  w i t h  
or  p a r t l y  rimmed by 
b i o t i t e ;  rimmed i r ­
r e g u l a r l y  by po­
tassi um f e l d s p a r ;  
mi nor  r a p a k i v i -  
type aggregates  
l a c k i n g  potassium  
f e l d s p a r  cores ; 
c o a r se r  q u a r t z - r i c h  
groundmass ag­
gre ga te s commonly 
a d j a c e n t  to  glomero-  
p h y r i c  p l a g i o c l a s e
p o s s i b l y  no pheno­
c r y s t s ;  commonly em­
bayed and r e pl ace d  
by p l a g i o c l a s e ;  
i nt er gr ow n w i t h  
g l o n er o po rp hy r i  t i c  
p l a g i o c l a s e ;  some 
r a p a k i v i - t y p e  
p l a g i o c l a s e  rims
w
cn
Appendix 4-1e.  (Continued)
M i n e r a l  S i z e  C r y s t a l  1 i n i t y  Shape A n g u l a r i t y  D i s t r i b u t i o n
Di agnostic
Features Inclusions A l t e r a t i o n Comments
q ua r t z  1 - 3 mm, 
2 mm 
avg;  
few
pheno­
c r y s t s  
( 8 mm )
b i o -  1 - 1 0 mm,
t i t e  2 -3mm
avg.
subhedral subequant -  subrounded-  h i a t i a l ,  and
e l o n g a t e  subangul ar  i n ground­
mass
subhedral subequant rounded s e r i a t e
p l e o c h r o i  sm 
(where p r e ­
served ) ; 
x ' = l i g h t  tan  
2 ‘ = re ddi sh  
brown; a l ­
t e r a t i o n  
s t y l e
g e n e r a l l y  
f a i r l y  em­
bayed; i r ­
r e g u l a r  
overgrowths  
i n  o p t i c a l  
c o n t i n u i  t y  
wi th pheno­
c r y s t
a p a t i t e ,  
r u t i 1 e 
from a l ­
t e r a t i o n
prima ry  
p l a g i o ­
c l a se  
and b i o ­
t i t e ,  
v e ry  
minor
genera l  l y  p e r ­
v a s iv e  s e r i ­
ci  t e ,  r u t i l e ,  
c h l o r i t e ,  
a p a t i t e ,  
opaque- i  ron 
o x i d e ;  some 
l ow - b i  r e f .  
c l a ys
some type o f  
r u t i l e - c h l o r i t e  
a l t e r a t i o n  as seen 
in cream por phyr y
q u a r t z - r i c h  o v e r ­
growths around rims  
w i t h  i r r e g u l a r  e x ­
te ns i on  i n t o  ground­
mass; p l a g i o c l a s e ,  
b i o t i t e ,  potassium 
f e l d s p a r  commonly 
inc lu de d in r im  
ove rgr owt hs ;  a ls o  
rimmed by l a r g e r  
f e l d s p a r  g ra ins
O J
Appendix 4 - l e .  (Continued)
Mi ne ra l  S i ze  C r y s t a l  1 i n i t y  Shape A n g u l a r i t y  D i s t r i b u t i o n
Oi agnosti  c
Features Inclusions A l t e r a t i o n Comments
horn-  1 -  3 mm s u b he d r a l -  subequant -  subangul ar  
blende anhedral  i r r e g u l a r
h i a t i a l f ragments
ground-
mass
a n h e d r a l , 
some
subhedral
boundar ies
e qua nt -
e l o n g a t e
g r a i ns
rounded-
subangul ar
commonly 
s e r i a t e  
wi th
l a r g e r  f e l d s ­
par and 
q u a r t z  g r a i n s
f e a t h e r y  
b i o t i  te  
and r e ­
l a t e d  a l ­
t e r a t i o n  
products
abundant  
b i o t i  t e  
i n
q u a r t z
and
f e l d s p a r s
g e n e r a l l y  e q u i g r a n u l a r  
w i t h  c o ar s er  s e g r e ­
g a t i o n s ;  c on ta i ns  
a l 1 above m in e r a l s  
except  hornb le nde ;  
some q u a r t z - f e l d s -  
par  r ep l acement  
t e x t u r e s  p r e s e n t ,  
p a r t i c u l a r l y  on 
potassium f e l d s p a r  
me ga c ry s ts .
CO
CO
Appendix 4 - 1 f .  Late porphyry
M i ne ra l  S i z e  C r y s t a l  1 i n i t y  Shape A n g u l a r i t y  D i s t r i b u t i o n
D i a gn os t i  c 
Feat ur es I n c l u s i o n s
A l t e r a t i o n
Minerals Comments
p l a g i o -
c l a se
^^33-35
p o t a s ­
sium
f e l d s ­
par
1 -  5mm, s u b h e d r a l ,
l - 2 mm some an­
) a v g . ; hedral  and
few euhderal
pheno­ g ra i ns
c r y s t s
< 1 0 mm
1 - 5mm, s u b he d r a l -
1 - 2mm anhedral
equ ant -
e l o n g a t e
subrounded-
subangul ar
subequant -  subrounded-  
e l o n g a t e  subangul ar
avg.
s e r i a t e ,  and 
i n ground-  
mass
l a r g e r  g r a i n s  
( 5 mm) as rem- 
n a m t - r a p a k i v i  
c o r e s;  o t h e r ­
wi se  h i a t i a l  
( < 2mm), and 
in ground-  
mass
a l b i t e ,  p er i  
d i n e ,  and 
p e r i  d i n e  t w i n ­
ning where not  
obscured by a l ­
t e r a t i o n  ; 
l i t t l e  or  no 
zoni ng ;  some 
glomeroporphy-  
r i t i c  t e x t u r e
some Car l sbad
t w i n n i n g ;
2 V ; 3 5 ° - 4 5 ° ( - )
p l a g i o c l a s e ,  moderate to 
b i o t i t e  g e n e r a l l y  p e r ­
v a s i v e  low-  
b i r e f .  c l a ys  
and s e r i c i t e
q u a r t z , 
p l a g i o ­
c l a s e  as 
p r im ar y  
i n ­
c l u s i o n s
o n l y  minor  low-  
b i r e f .  c l ays  
on r a p a k i v i  
c o r es ;  pos­
s i b l y  mod­
e r a t e  s e r i ­
c i t e  and low-  
b i r e f .  c l ays  
i n  phenocrysts
r a p a k i v i - t y p e  rims 
on potassium f e l d s ­
par  c r y s t a l s ,  and 
s i m i l a r  a ggregates  
w i t h o u t  remnant-  
potassium f e l d s p a r  
c o r e s ;  severe a l ­
t e r a t i o n  common; 
q u a r t z ,  b i o t i t e ,  and 
potassium f e l d s p a r  
as i n c l u s i o n  in  
r a p a k i v i  t e x t u r e
d i f f i c u l t  to d i s ­
t i n g u i s h  when not  
present  as remnant  
cores in  r a p a k i v i  
aggregates w i t h  
p l a g i o c l a s e ;  some 
g ra i ns  a t t a c he d  to 
p l a g i o c l a s e  borders
CO
CO
Appendix 4 - 1 f .  (Continued)
M i ne ra l  S i ze  C r y s t a l  1 i n i t y  Shape
D i a gn os t i  c
A n g u l a r i t y  D i s t r i b u t i o n ________ Feat ur es I n c l usions
A l t e r a t i o n
Mi nerals Comments
q u a r t z  l - 2 mm, s ub h e d r a l - 
1 mm anhedral  
avg.
e q u an t -
i r r e g u l a r
rounded h i a t i a l v ery
embayed
b i o t i t e  l - 2 mm, subhedral  
1mm 
avg.
subequant -  subangul ar  
e l o n g a t e
h i a t i a l , and 
in  ground-
a l t e r e d  
remnants
mass
obscured
by
a l t e r a t i o n
p er v as iv e  
s e r i c i t e ,  
a p a t i t e ,  
opaque- i  ron 
o x i d e ,  l i m -  
o n i t e ;  minor  
c h l o r i t e ,  
r u t i l e
i r r e g u l a r  d i s t r i ­
b u t i o n ;  commonly 
1 % phenocryst s ; 
mi nor  s u t u r i n g  o f  
borders and r e ­
placement  by m i c r o ­
c r y s t a l l i n e ,  an­
hedra l  groundmass 
g r a i n s ;  se ver e  em- 
bayment;  i n c i p i e n t  
r i m overgrowths  
o f  q u a r t z  i n  op­
t i c a l  c o n t i n u i t y  
w i t h  surrounded  
g r a i n  common
abundant l i m o n i t e  
commonly s t a i n i n g  
g r a i n s  a d j a c e n t  to  
b i o t i t e ;  some 
p r i s m a t i c  g ra i ns  
p o s s i b l y  o t h er  
hornblende
Appendix 4 - 1 f .  (Continued)
M i ne ra l  Shape C r y s t a l  U n i t y  Shape A n g u l a r i t y  D i s t r i b u t i o n
Di a g n o s t i c
Feat ur es I n c l usions
A l t e r a t i o n  
M i n e r a l s Comments
accessory m i n e r a l s ;  a p a t i t e ,  r u t i l e ,  z i r c o n ,  o p a qu e - i r on  o x i d e s ,  l i m o n i t e
ground-
mass
g e n e r a l l y
a n h e d r a l -
subhedral
g r a i ns
subequant  subrounded-  
w i t h  some s ub angul ar
e l o n g a t e
g r a i n s
g r a i n s
f a i r l y  h i a t i a l  
g r a i n s  w i t h  
few c oa rs er  
q u a r t z - r i c h  
s eg re ga t io n s
i r r e g u l a r  
g r a i n
boundar i es ; 
r e pl ace me nt  
between 
q u a r t z  and 
f e l d s p a r s ?
mi nor -moderate  
a l t e r a t i o n  o f  
b i o t i t e  
and f e l d s ­
pars
p l a g i o c l a s e  in 
some samples r ec og ­
n i z a b l e ,  but  o t h e r  
samples w i t h  l i t t l e  
a l te r a t i  on may be 
p l a g i o c l a s e -  
d e f i c i e n t ;  a l l  
o t h e r  above m in e r a l s  
pr es ent
Appendix 4 -2a
Rhyodacite Porphyry
phenocrysts
plagioclase
orthoclase
quartz
b io t i te
hornblende
groundmass
Samples
visual estimate 
hand sample 
range average
88-22
visual estimate 
thin section 
range average
X-ray interpreted interpreted
% of phenocryst groundmass
groundmass average_______ average
10-18 13
<1 <1 
1-3 2
84
1-3
8-14
0 - 2?
1-3
90-78
49,231,
437
2
10
« 1
86
*modal quartz-plagioclase-orthoclase recalculated to 100%: 
normative quartz-a lbite-orthoclase recalculated to 100: 
*plagioclase recalculated as a lb ite
25
47
28
2
10
« 1
2
49
Q = 28 Ab = 26 Or = 46 
Q = 28 Ab = 32 Or = 41
22
40
24
86
ro
Appendix 4-2b
Early Quartz Monzonite
visual estimate 
hand sample 
range average
visual estimate 
thin section 
range average
point,
count
thin section
X-ray 
% of
groundmass
interpreted
phenocryst
average
interpreted
groundmass
average
phenocrysts
plagioclase 20-30 26 32,30 6 28 3
15-45 28
orthoclase 2-5 3 24,5 56 5 29
quartz 3-7 4 2-8 5 32,8 38 6 20
b io t i te 5-12 7 3-7 5 6
12,11
hornblende <1 <1 1-5 3 3
groundmass 0-80 60 72-55 58 0-46 52
Samples RJ,211, Med-1-1094,RJ
279,281 >
508
*Modal quartz-plagioclase-orthoclase recalculated to 100: 
normative quartz-a lb ite-orthoclase recalculated to 100%:
^plagioclase recalculated as a lb ite
Q = 29 Ab = 34 Or = 37
q = 28 Ab = 42 Or = 29
11094 is nonporphyritic, values indicate to ta l mineral amounts; not calculated in average 
RJ contains 25% groundmass feldspars and 21% groundmass quartz
-fs*oo
Appendix 4-2c
Hornblende Porphyry
visual estimate 
hand sample 
range average
3-6
visual estimate 
thin section 
range average
point X-ray
count % of
thin section groundmass
interpreted interpreted  
phenocryst groundmass 
average average
phenocrysts
plagioclase
12-25 15
orthoclase 
quartz 1-5
b io t i te
hornblende
11-29
1
1-6
3-7
1-6
23
<1
2
5
17
<1
6
5
10
56
34
20
1
3
5
38
23
groundmass 84-64 80
Samples
83-51 65
49,50,135,
310,303,344,
443,496.531
66
50
*modal quartz-plagioclase-orthoclase recalculated to 100 
normative quartz-a lb ite-orthoclase recalculated to 100%:
*plagioclase recalculated as a lb ite
310
Q = 28 Ab = 29 Or = 42
Q = 29 Ab = 43 Or = 28
68
4:»
Appendix 4-2d
Quartz Porphyry
visual estimate 
hand sample 
range average
visual estimate 
thin section 
range average
point X-ray interpreted interpreted
count % of phenocryst groundmass
thin section groundmass average_______ average
phenocrysts
plagioclase 12-26 19
10-35 19
orthoclase <2-5 <2
quartz 2-5 4 3-7 5
b io t i te  2-5 3
3-7 4
hornblende <1-6 1
8
47
45
19
2
4
4
32
32
groundmass 85-53 73 80-51 70 70
Samples GC,AT,212-213, 
262,311,511,521
*modal quartz-plagioclase-orthoclase recalculated to 100% 
normative quartz-albite-orthoclase recalculated to 100%:
212-213
Q = 38 Ab = 26 Or = 36
Q = 37 Ab = 31 Or = 31 -PiOl
^plagioclase recalculated as a lb ite
Appendix 4-2e
Plagioclase Porphyry
visual estimate 
hand sample 
range average
visual estimate 
thin section 
range average
point X-ray
count % of
thin section groundmass
interpreted interpreted  
phenocryst groundmass
average_______average
phenocrysts
plagioclase 14-25 
orthoclase 2-6
quartz 1-4
b io t i te
NA
20
3
2
14-17
1
4-5
1-4
16
<1
4
29
2
7
<1
11
31
58
21
3
4
1 ?
8
22
41
hornblende
groundmass 83-65 75
Samples
80-73 78
165,128,395,
422,514
62
165
*modal quartz-plagioclase-orthoclase recalculated to 100% 
normative quartz-alb ite-orthoclase recalculated to 100%:
Q = 4 5  Ab = 30 Or = 25
Q = 43 Ab = 30 Or = 27
71
*plagioclase recalculated as a lb ite cr>
Appendix 4 -2 f
Late Porphyry
visual estimate 
hand sample 
range average
phenocrysts
plagioclase
potassium
feldspar
quartz
b io t ite
hornblende
10-15
5-7
groundmass 75-80
Samples
visual estimate 
thin section 
range average
point estimated
count % of
thin section groundmass
interpreted
phenocryst
averages
13
77
12-17
<1
1-3
3-6
83-73
14
<1
2
79
AT,219,308, 
351,557
21
<1
2
70
AT
*modal quartz-plagioclase-orthoclase recalculated to 100% 
normative quartz-a lb ite-orthoclase recalculated to 100%:
45
50
18
<1
2
interpreted
groundmass
averages
AT
Q = 41 Ab = 23 Or = 36
Q = 41 Ab = 27 Or = 32
33
37
74
*plagioclase recalculated as a lb ite
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APPENDIX 5-1
Whole-rock chemical analyses of Emigrant Gulch intrusive rocks. 
Analyses conducted by Bondar-Clegg and Company, L td ., Vancouver, British  
Columbia. All values in weight percent.
e or Element Method of Analysis
SiOg atomic absorption
AI2O3 atomic absorption
atomic absorption
MgO atomic absorption
CaO atomic absorption
NagO atomic absorption
KgO atomic absorption
MnO atomic absorption
TiOg colorimetric
atomic absorption
Mo atomic absorption
F specific ion
Rb X-ray fluorescence
Sr X-ray fluorescence
*FeO calculated by taking FeO/Fe^O. = 1.19 for many quartz monzonites 
(Hyndman, unpub. manusc., 1982, p. 325).
Oxi des APPENDIX 5-1 Elements
SiOg A I 2 O3 FeO MgO CaO NagO K 0 
2
MnO TiOg ^2°5
Mo F Rb Sr
7 1 .00 1 4 . 50 1 . 2 0 1 . 4 0 0 . 1 0 0 . 3 0 3 . 3 0 5 . 6 0 0 . 0 3 0 . 4 5 0 . 0 7 5 330 245 50
6 9. 00 1 5 . 8 0 1 .5 6 1 .8 4 0 . 3 5 1 . 2 0 4 . 0 0 5 . 6 0 0 . 0 4 0 . 3 0 0 . 1 2 2 570 2 2 0 130
6 1 . 0 0 1 5 .00 2 .6 7 3 . 13 3 . 3 0 3 . 5 5 4 . 4 0 4 . 0 0 0 . 0 9 0 . 0 6 0 . 2 6 1 0 770 1 2 0 410
6 8 . 0 0 1 4 .6 0 1 . 9 8 2 . 3 2 1 .5 0 0 / 9 0 3 . 9 0 4 . 0 0 0 . 0 3 0 . 5 5 0 . 1 9 1 400 140 330
6 8 . 0 0 1 4. 70 2 . 0 2 2 . 3 8 1 . 2 0 1 . 5 5 3 . 8 0 4 . 0 0 0 . 0 4 0 . 2 5 0 . 1 8 2 700 155 345
6 8 . 0 0 1 5 .0 0 1. 93 2 .2 7 1 . 75 1 . 6 0 4 . 3 0 3 . 9 0 0 . 0 2 0 . 3 5 0 . 2 0 7 770 125 345
6 7 . 5 0 1 4 .70 1 .75 2 . 05 1 . 5 0 2 . 2 5 4 . 2 0 3 . 9 0 0 . 0 4 0 . 3 5 0 . 1 8 18 600 97 395
6 4 . 0 0 1 5 . 50 2 . 4 4 2 . 8 6 1 . 8 5 2 . 2 5 4 . 3 0 3 . 6 0 0 . 0 3 0 . 6 0 0 . 2 1 3 520 140 365
6 6 . 50 1 5 . 30 2 . 1 2 2 . 4 8 1 . 25 1 . 2 0 4 . 3 0 4 . 1 0 0 . 0 1 0 . 4 5 0 . 1 8 9 540 1 2 0 335
6 7 . 50 1 5 . 40 1 .70 2 . 0 0 1 .6 0 2 . 0 0 4 . 2 0 3 . 8 0 0 . 0 2 0 . 3 5 0 . 2 0 8 1 2 0 0 140 385
7 7 . 5 0 1 4. 80 2 . 44 2 . 8 6 2 . 1 0 2 . 0 5 4 . 1 0 3 . 5 0 0 . 0 3 0 . 4 0 0 . 2 4 2 2 2 0 0 190 340
6 8 . 0 0 1 4. 40 1 .7 5 2 . 0 5 0 . 9 0 1 . 5 5 3 . 4 0 4 . 1 0 0 . 0 4 0 . 3 0 0 .1 7 5 1 2 0 0 170 305
7 0. 00 1 5 .00 1 . 2 4 1 . 46 0 . 3 0 0 . 7 0 3 . 2 0 4 . 4 0 0 . 1 0 0 . 4 0 0 . 1 1 2 440 155 150
71 .00 1 5 . 00 1 . 3 8 1 . 6 2 0 . 3 0 0 . 9 5 2 . 1 0 4 . 2 0 0 . 1 0 0 . 3 5 0 . 1 3 2 280 175 160
7 0. 05 14 .80 1 . 3 8 1 .6 2 0 . 8 5 0 . 3 0 2 . 3 0 5 . 3 0 0 . 1 0 0 . 5 0 0 . 1 5 4 300 185 175
6 9 . 0 0 15. 00 1 .38 1 .62 0 . 2 0 0 . 8 0 4 . 1 0 4 . 1 0 0 . 0 8 0 . 6 0 0 .1 5 2 270 145 310
6 7 . 5 0 1 4 . 40 1 . 84 2 . 1 6 0 . 6 5 1 . 25 3 . 0 0 4 . 7 0 0 . 1 0 0 . 1 5 0 .1 6 5 1 0 0 0 160 230
6 9 . 50 1 4 . 60 1 . 1 0 1 . 30 0 . 6 0 1 . 45 3 . 2 0 4 . 4 0 0 . 0 6 0 . 2 5 0 .0 6 11 660 2 0 0 225
6 8 . 5 0 1 4 . 80 1.47 1 .73 0 . 2 5 0 . 9 5 4 . 0 0 4 . 4 0 0 . 0 6 0 . 3 0 0 . 1 3 15 310 145 285
Rock type  
and samples
Rhyodaci te
Porphyry
W231
437B
E a r l y  Quar tz  
Monzoni te  
GC17 
212 
Above 279 
800 '  Past  
J e t  
Road J e t
Hornblende  
Porphyry  
58 
135 
303
310 
349
Quar tz
Porphyry
55
211
2 12-2138
232
266
311 
376
cn
o
APPENDIX 5-1 (Continued)
Rock type  
and samples
SiOg Al^Os
F*203
FeO MgO CaO Na^O KgO MnO TiO^ P2 O5 Mo F Rb Sr
P I a g i o c l a s e  
Porphyry  
128 6 8 . 50 1 5 .30 1 . 2 9 1.51 0 . 7 0 0 . 2 5 2 . 9 0 3 . 8 0 0 . 0 1 0 . 5 5 0 . 1 3 5 1 1 0 0 125 2 1 0
Above
165 7 3 . 5 0 16. 10 0 .3 7 0 . 4 3 0 . 1 0 0 . 0 5 0 . 3 0 3 . 7 0 0 . 0 0 0 . 3 0 0 . 1 0 4 2 1 0 91 59
Lat e
Porphyry
37 6 7 . 0 0 16. 10 1 . 8 9 2 . 2 1 0 . 3 0 0 . 7 0 3 . 0 0 4 . 2 0 0 . 0 5 0 . 4 5 0 . 1 8 4 490 115 290
175 6 7 . 00 1 4. 80 1 . 6 6 1 .9 4 0 . 5 5 2 . 4 5 1 . 8 0 4 . 3 0 0 . 2 7 0 . 1 0 0 . 0 4 3 630 185 140
219 6 9 . 5 0 15. 10 1 . 2 0 1 .4 0 0 .4 5 0 . 4 5 2 . 4 0 5 . 6 0 0 . 1 3 0 . 5 5 0 .1 7 2 770 2 0 0 105
313 6 8 .5 0 1 6 . 20 1 . 47 1 . 7 3 0 . 3 5 1 . 4 0 3 . 0 0 3 . 3 0 0 . 0 6 0 . 3 5 0 . 2 0 9 440 115 250
351B 6 9 .5 0 15. 20 1 .52 1 . 7 8 0 . 3 5 1 . 05 2 . 7 0 4 . 4 0 0 . 1 4 0 . 3 5 0 . 1 6 2 490 170 170
152
Appendix 5-2
Normative mineral content of Emigrant Gulch intrusive rocks, 
recalculated from oxides in Appendix 5-1. All values in normative 
weight percent.
Q = quartz 
OR = orthoclase 
AB = a lb ite  
AN = anorthite  
HY = hypersthene 
MT = magnetite 
IL = ilmenite  
AP = apatite  
C = corrundum 
DI = diopside
APPENDIX 5-2
Rock type  
and Samples Normat i ve M i n e r a l s
Q OR AB AN HY MT IL AP C DI
Rhyodaci te
Porphyry
W231 29. 37 3 3 . 0 9 2 7 . 92 1. 03 1 . 14 1 .7 4 0 . 8 5 0 . 1 6 2 . 6 3
437B 2 0 . 78 3 3 . 09 3 3 . 8 5 5 . 1 7 2 . 5 4 2 . 2 6 0 . 5 7 0 . 2 8  • 1 . 2 6 —
E a r l y  Quar tz  
Monzoni te
GC17 8 . 4 8 2 3 . 64 3 7 . 23 9 . 3 7 8 . 4 2 3 . 8 7 1 . 1 4 0 . 6 0 — 5 .2 5
2 1 2 2 5 .57 2 3 . 6 4 3 3 . 00 3 . 2 2 5.51 2 . 8 7 1 . 0 4 0 . 4 4 2 . 67 — —-
Above 279 24.91 2 3 . 64 3 2 . 1 6 6.51 5 . 35 2 . 9 3 0 . 4 7 0 .4 2 1. 73
800 '  past
Je t 2 0 .82 2 3 .0 5 3 5 . 5 4 9 . 7 4 5 . 45 2 . 5 4 0 . 6 6 0 . 4 6 1 .27
Hornblende
Porphyry
58 17. 17 2 1 . 2 8 3 6 . 39 9 . 7 9 6.91 3 . 54 1 . 1 4 0 . 4 9 0 . 9 4 — —
135 2 0 . 92 2 4 . 23 3 6 . 3 9 4 . 7 8 5 . 1 9 3 . 07 0 . 8 5 0 . 42 2. 04 — —
303 21 .63 2 2 . 4 6 3 5 . 54 8 . 6 2 5.71 2 . 4 6 0 . 6 6 0 . 4 6 1 . 2 2 - -
310 2 1 . 2 1 2 0 . 6 8 3 4 . 69 8 . 6 0 7 . 8 6 3 .5 4 0 . 7 6 0 . 5 6 1 . 1 1 — —
344 2 0 . 1 2 25.41 3 4 . 6 9 7 . 1 3 5 . 47 2 .6 7 0 .5 7 0 . 4 6 0 . 6 9 — —
349 2 7 . 48 2 4 . 2 3 2 8 . 77 6 . 5 8 4 . 1 4 2 . 5 4 0 . 57 0 . 3 9 1. 96 — —
CO
APPENDIX 5-2 (Continued)
Rock types  
and Samples
Quar tz  
Porphyry  
55 
211  
2 1 2 - 2 1 3B 
232 
266 
311 
376
P l a g i o c l a s e  
Porphyry  
128 
Above 165
Late
Porphyry
37
175
219
313
351B
Normat ive  M i n e r a l s
32. 37
39. 94
34. 80
27. 42
2 7 .7 8
2 9 . 96
2 5 . 63
3 5 . 5 0
57 .44
3 1 . 19
32. 96
3 2 . 53
3 4 . 7 8
3 3 . 86
OR
2 6 . 0 0  
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Plate la .  Geologic map of the Emigrant Gulch study area. Also 
shown are diamond d r i l l  hole locations and trend of 
cross sections A-A', B-B', and C-C shown on plates 
2a. 2b, and 2c. (1" = 400', 1 cm = 48 m)
Plate lb . Map of brecciated areas in Emigrant Gulch. For
c la r i ty ,  geologic units are not shaded. (1" = 400',  
1 cm = 48 m)
Plates2a, 2b, and 2c. Geologic cross sections A-A', B-B', and 
C -C . Cross sections are interpreted from surface 
mapping data, and subsurface d r i l l -c o re  data. 
Projections of diamond d r i l l  holes also shown. Many 
of the d r i l l  holes are projected into the plane of 
the section and are actually located up to 120 meters 
away from the section l in e . For this reason, the 
top of holes l ik e  Med-1 are located below the ground 
surface in the plane of the cross section (Plate 2a). 
Other holes l ik e  Med-6 begin above the ground 
surface in the plane of the cross section (Plate 2c). 
(1 cm = 48 m),no vertica l exaggeration
